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THEME 

Recent  Symposia  on  combustion  (Fall  1983  and  Full  1987)  of  this  Panel  dealt  with  stabilized  combustion.  This 
Specialists'  Meeting  was  concerned  with  combustion  instabilities  and  oscillations  occurring  in  liquid-fuelled  engines:  i.c.  gas 
turbine  engines,  ramjet  engines  and  rockets.  A  better  fundamental  understanding  is  required  in  order  to  achieve  further 
improvements  in  engine  design,  and  the  meeting  was  intended  to  provide  a  forum  for  discussing  the  state-of-the-art  and  for 
outlining  a  possible  impact  on  future  design.  The  scope  of  the  meeting  included:  acoustics  and  flow  instabilities:  combustion- 
induced  pressure  oscillations; effect  uf  geometry,  equivalent  ratio,  etc.;  ramjet  specific  problems;  modelling;  and  experimental 
techniques  and  results. 


Lex  Symposia  organises  par  le  Panel  sur  le  theme  de  la  combustion  au  cours  des  dernieres  anodes  (it  Puutomne  1 983  et  ft 
I’uutomue  1 987)  ports  rent  sur  la  combustion  stabilises.  La  preseme  reunion  de  speeialistex  fut  eonsacrce  auximtabMitesel  aux 
oscillations  de  la  combustion  sc  produisant  dans  les  moteuts  a  eurburants  tiquides,  e’est  it  dire,  lex  turbumotuurs,  les  moteurs* 
fusees. 

Tout  pcrfectionncmcnt  ulterieur  dans  le  donutine  de  la  conception  des  moteurs  passe  neeessairemem  par  une  tueilleur 
comprehension  de  ces  phdnoroenes,  et  la  reunion  a  servi  de  forum  pout  une  discussion  de  Petal  de  Part  et  pour  one  evaluation 
de  Ptnqxiel  de  telles  considdratiutis  sur  lex  realisations  futures. 

Le  programme  de  la  teuniott  a  eompris:  Paeeustique  et  lex  iivstabilitd*  du  flux,  les  oscillations  de  prexshm  provoquees  par 
la  combustion.  effet  de  gdomdtrie,  rapport  equivalent  etc,  probt&mcs  xpecaiques  aux  xiauwcaueuis:  mudetisaiion  el  tvs 
techniques  expdr imentakx  el  lex  rdsultatt. 
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1,  SUMMARY 

The  72ml  (B)  Propulsion  and  Energetics  Bund  Specialists'  Meeting.  "CuntbuMioo  Instabilities  in  Liquid-Fuelled 
Propulsion  Systems"  was  Iteld  in  Bath.  United  Kingdom,  on  6"  7  October  t  OSS,  The  meeting  generally  fulfilled  Us  objectives  of 
providing  a  forum  for  discussing  die  state-of-the-art  and  for  assessing  the  impacts  of  cutset  t  t>  vder  wnUng  on  future  design 
Recent  and  coutmuing  research  was  reported  (or  the  three  chief  types  of  liquid-fuelled  propulsion  systems:  gas  turbines, 
tnehniing afterburner*'.  liquid  rockets;  and  tamyet  engines.  The  papers  encompassed  btrth  theoretical  and  espetimenral  work* 
treating  acoustics  and  flow  nistahilities;  combustion-driven  prevure  oscillations;  modetiiog  and  numeneal  analysis, 
cspefuuctital  techniques  and  results;  and  special  prei-ktus  r  stating  to  the  various  types  of  systems. 

Although  combustion  instabilities  base  been  troublesome  for  more  than  font  decades.  many  prul-U-ms  remain  unsolved 
Recent  work,  particularly  related  t*>  ramjet*.  and  potential  sppbeartseiy  of  liquid  rocket  engines  in  vehicles  now  being  studied, 
made  this  meeting  very  timely  The  preseuee  of  pressure  w-edUitotts  hr  altetburners  esmttnues  to  cause  concern  in  the 
desehypmettt  id  new  engines-  A  pameuturty  welcome  feature  of  the  meeting  was  the  paiderpamm  by  all  dues  mob*  ctrgme 
mauuiaetur  ets,  t  jcueeal  Electric.  Pratt  and  Whitney  ,  and  Motts  Royec 

to  addition  tu  recent  desetopmem*  along  traditional  tine*,  one  scheduled  paper  and  tut  tntormal ; -resent *<»«i  treated  *W 
ubRel  of  active  control  of  crmibuoton  tttshtbtttBes  thrly  (he  ftt'l  tahs*rsioey  espertwems  have  bees  canted  out  durtog  the  pent 
two  yeats  or  «o  but  the  testilts  me  impressive  and  constitute  ample  fustnkwnm  tor  vigorous  coMtmuug  research  Successful 
method,  of  control  may  be  impurtaro  not  only  for  appiteatwms  to  operathmal  pr.qmlo.stt  devices  but  aW.  for  use  w  condu*  twg 
icssateh  ecpjtHos-uts 

There  are  tundamemal  reasons.  j-rSwardy  the  high  -Vnutte*  of  energy  rctetec.  ihu  eursbosftoa  chemist,  w  modern 
propulm*i  syn<«n  me  suwepuble  to  combustion  toushditiis  Then  p-*dbk?  occurrence  must  be  anticipated  m  any  new 
design  As  performance  ts  pushed  to  higher  ksets.  so  oho  i»  the  ULcbhoed  of  pressure  oceitUlsnttv  ft  is  therefore  ueismtaut  to 
•ustaio  commtung  te-catch  m  (be  subject  and  to  tuque  rapid  tfow  of  iehamaiioo  to  the  cughtededguers  and  mamda.  tuna*,  b 
appeals  teaumatsfc  mat  a  sutssopmeu  Meeting- tevutg  esserttt aRy  the  saaw  purposes  a.  fill  **«d.t  fooiM*  he  Md  m  .»  - 1 
Seats 


2.  IMKtMMVttOS 

tbrntewfo*  mdabihMes  m  fepnd  owlets  were  lira  r**ctvcd  m  the  early  I  WBs.  They  were  the  i-bycvt  of  nu*th  mute 
research  dutoyg  the  t^u  ami  IOWA  when  larger  motors  were  developed.  both  for  miipe  systems  and  for  the  A pete* . 
-  white?.  to  the  Wfe  I  if  Ids  msd  catty  l*f  tils  uoacceptabb  high  ftcsiwcncy  iacJWaws  were  diworeted  in  attcr  butters  Mid 
wsMcwhat  (*tt  oawter  vroateWwos  appealed  m  ramict  ionirpnaWms. 

.  Litde  research  was  done  cut  maabifoiee  to  hqmd  owlets  horn  the  early  I  d «K  umd  tscvruH  Proponed  dcvdeftMCKf  of 
new  Wench  system  lot  Urge  pay  teals  tea  generated  renewed  takces*  fn  the  -object  In  com^tsi.  fmteNtetes  in  Butts* 
angmemots  have  been  a  cnatUwMg  problem  once  their  dheewery.  Their  pretence  mm  always  be  teeegnwed  fn  new  gfowpe, 
and  appropriate  step  telen  to  mMmm  mu  fswuHs-  cScets  m  .spstmim  By  ter  mod'  of  the  weak  on  mdatewws  m 
angmetuots  has  been  done  by  the  engine  ncmufacturcrs.  dcsefepmem  by-  trial  and  error  is  standard  practice  Beeanwe  of  the 
proprietary  nature  oT  the  work,  ictamch  tew-  tcsa&s  teoe  been  gewtfahy  ataUOe 

In  the  late  IWftts  ptuHemt  of  hmer  hcqitwy  notebifttea  in  ramyct  enpdes  motivated  new-  research  propama-es  m 
several  eowntries..  IM1  that  time,  higher  ftesgaency  transverse  coedWaMis  had  teen  the  eteef  source  of  concern  'the  lower 
ftesgaency  aual  or  long^wdmwi  modes  **.ract  wf*  the  tehr  shock  system  and  can  hare  setrows,  even  catemoplne.  ejects  on 
engine  performance-,  te  response  to  shcncedtOMT&rsiand  these  mstebtewiigorywis  research  kwogyanwnescMtiedcmdnring 
tee  paw  eight  years,  m  many  otganitations.  have  tel  to  new  uBderstandh^  of  the  ptobtem  To  provide  a  contesf  for  csaml  nmg 
tbecsMttitenicantottesmecii^atewoHhwIiitetocttRiiiitheteoidiiecI^ 


Combustion  chambers  for  propulsion  systems  and  powcrplants  are  never  intended  to  exhibit  pressure  oscillations. 
Normal  design  considerations  commonly  do  not  include  thorough  considerations  of  truly  unsteady  combustion  and  now.  Vet 
unsteady  motions  am  always  present,  as  random  motions  generically  called  "combustion  instabilities*.  Noisy  motions  cause 
structural  vibrations  over  a  broad  frequency  band,  usually  requiring  only  routine  qualification  of  the  vehicle  and  equipment. 
The  amount  of  energy  contained  in  the  noise  field  is  a  negligibly  small  part  ol  the  total  energy  available  and  causes  no 
measurable  reduction  in  the  performance  of  the  system.  Likewise,  combustion  instabilities  even  at  the  highest  amplitudes 
observed  consume  a  small  (ruetion  of  the  available  chemical  energy.  The  oscillations  do  not  directly  affect  the  steady  thiust 
produced  by  the  systems,  Serious  problems  may  nevertheless  arise  due  to  structural  vibrations  generated  by  oscillatory 
pressures  within  the  chamber,  or  induced  by  fluctuations  of  the  thrust.  In  extreme  eases  internal  surface  heat  transfer  rates  may 
be  amplified  ten-fold  or  nunc,  causing  excessive  crusiutt  of  chamber  wails. 

Special  practical  problems  have  arisen  in  the  three  classes  of  hqtd-fucllcd  systems.  Strong  coupling  between  chamber 
pressure  oscillations,  low  frequency  structural  vibrations  and  the  propellant  feed  system  produces  the  common  TOGO 
instability  in  large  vehicles  powered  by  liquid  rockets.  Axial  oscillations  in  ramjet  engines  have  teecntly  become  troublesome; 
their  influence  on  the  shock  system  in  the  inlet  diffuser  can  produce  a  reduction  of  the  iutet  stability  margin.  Because  of  their 
light  construction,  thrust  augntentors  are  susceptible  to  failure  of  flameholdeis  or  of  the  basic  structure  when  combustion 
instabihties  become  severe.  Many  augtncntors  must  therefore  be  opewted  with  reduced  performance  in  portions  of  the  flight 
envelope. 

Combustion  instabilities  may  be  regarded  as  the  unsteady  motion  of  a  dynamic  system  capable  of  sustaining  oscillation* 
over  a  broad  range  of  frequencies  The  term  'combustion  instability'  is  usefully  descriptive  but  dtghtly  misleading.  In  most 
instances  the  combustion  processes  themselves  are  stable  —  uncontrolled  explosions  or  other  intrinsic  instabilities  ate  tun 
usually  at  work-  The  presence  of  an  instability  In  a  combustion  chamber  is  established  by  observing  either  the  gas  pressure  or 
uccetetatkws  of  the  enclosure.  Excitation  and  sustenance  of  an  osciUalhn  occurs  because  of  coupling  between  the  combustion 
processes  and  the  gas  dynamic  motkms,  both  of  whkh  atone  may  be  stable.  If  the  fluctuation  of  energy  release  responding ,u  * 
pressure  disturfsance  causes  a  further  change  of  pressure  in  phase  with  ihe  initial  dtstuthance.  then  the  result  may  be  an 
instate  toy  Thus  one  may  view  the  hebavtour  as  that  of  a  stable  open -loop  system  t  the  gasdynamte*  J  made  unstable  by  a  pouuve 
teedhajk  loop,  die  gain  being  associated  with  the  combustion  processes. 

Owing  f»  the  internal  coupling  between  combustion  processes  and  unsteady  motions,  an  observer  perceive*  an  unstable 
motion  as  ”*elf  excited*  The  amplitude  of  the  twortott  grows  out  of  the  noise  without  the  need  for  an  external  mfkence.  Two 
husdsmentiJ  reasons  expfaut  the  prevalence  of  mvtabilitfcs  in  combustion  systemv 

til  an  esceedutgly  small  put  of  the  ava&sbfe  cnctgy  ts  suffktctu  to  produce  unacceptably  targe  undemty  motions; 

Mtjf  the  powysscs  tending  to  aticouale  unsteady  mohonsajcf  weak,  chiefly  because  esmthustwn  chamber* are  neatly  clowd 

these  two  cfataeiertsifox  ate  caramon  in  ad  eombswum  systems  and  imply  that  the  pwsxibtUty  of  instabdmes  pw  umng 
during  Avetojwmrat  of  *  new  decree  mud  by  reeogttaed  and  anticipated  t  issuing  combu»*m«  iuuahduks  i*  put  of  the 
accessary  ptsfo;  to  be  pud  for  (ugh  p*ttor  muses-  cftetmcal  propufstoo  systems 

The  fact  dm  only  *  small  put  of  die  total  power  produced  «  incolivd  suggest  ttei  the'  ccwtence  and  seventy  of 
wralNSSes  may  be  sensitise  to  appiwudy  mi**  change*  in  the  system.  Thu  csmeSashm  ■•*  supported  by 
experiencs?.  htetwxgf,  die  gmnpfcetoed  chemkM  usd  flow  pwowi  profkbii  esmsimutm  of  *  complete  theory  Axgtoped 
tows.  hist  luittciptes  It  is  thmfoke  esxcnfef  that  dworcUcal  work  always  be  efosefy  lifted  wnb  sxpertwemil  fvsuhs  b*»  toyekr 
analysis  will  encompass  m  psouMc  toaahifete*  m  the  sartous  practical  «.yx*a«s.Ttete  ate  ttesetsteks*  many  features  tsmsmo# 

.  to  the  Atve  types  s*  cowtewtoo  etmmtats.  docxiesed  m  this  paper.  think  kis  not  pv*s*k  for  predict  aecwrikly  the  oceutrcwce 
«*  details  of  wetabihnes,  a  ftamcwotl  docs  exM  for  «nA»*t*dmg  the*#  general  heftasrout  ansi  foe  foenscUeae  «Miih 
xunmutiemg  the  chief  chu-aetctHS**  for  pemoeui  pwr|*s*e*.  theory  serves  tteunly  s<*  analyse,  mt&rxfamd.  and  predict  trends. 
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;  geewfcfiy  of  the  chamber  o  therefore  a  Amman  ndberke  IVurcspomtexe  to  efauftai  tvsaks.  traseimg  and  uanAng  waxen 
ate  fcwmd  at  (tsspuWvws  apprstemakd  qaito  we*  hy  ftmtdiar  Mmatos  JcfcwAsg  only  os  the  speed  *4  sound  and  Ac 
Amcxoton*  «f  Use  sfcamdv? 

-  Vcb  V  ******  cvuuprtsc  the  majority  t«  wvMMtoe*  XAsifSed  in  the  three  tyip.s  .4  sxOeWv  *stUocd  Me  they 

driven  by  the  energy  t  effaced  by  the  ewmfennteti  pbreenns  and  m4wmvs)  by  die  mm  Ihm  as  neb  as  by-  the  gundfliMh  at  the 
wkt  and  cumusk  Mi  .nfotafie  enctMtetahces  the  flow  «d  energy’  in  the-  name*  w#  m  dkmMif  Ae  M**e*  tfou  nortSins ta 
kfraxwne  htessnte*  sig»nfean»;  in  esMenre  eaw-w  *ck  waxes  may  hum,  ftemiMlpix.  IkeMme  the  speed  H 
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-  r  bring  to  tlw  preserve  «4  <  ombnAnm  and  mom  Am,,  oetcr  kinds  of  m>ekm  ate  p^swiNk’’.  hasmit  bespeneies  'lvfon>  An  oi 
the  Hndanscnm  *asv  mode,  f.«  any  chants*  Ae  toned  hvqncrwy  h  anMadatod  nkb  a *•*•»*■  made,  to  nhieh  the  presume  «* 
neatfy  ceftotm  thrsmgtoni,  bm  prnMtog  m  tone.  The  setoehy-  ftoetn atom  is  nearby  ktn.  fits  mode  xsnreqfsmdv  to  Ac 

■  sAratomsof  a  HdmMto  rcmmahnsAtamcsL  tor  esarngfe,  Isy  btontog  oscr  the  open  «nJ  of  a  WeA.  In  a  esmdtoxttmehatohc’r.. 
toe  dixxnt  wimree  may  Ht  Arec%  toe  ton  tong  processes:  o*  n  may  be  due  to  onedtatoms  m  toe  smppfy  of  Vac  rants,  earned  to 
turn  bythe  sarutonts  of  pressure  m  Ac  chanfvr  fa  a  topii  rxkkcL  sUncmtal  owSiancmscdAe  schiele  or  Ae  fcxd  system  may 
ilsM  pMlKipalc.  ptsslmm£  Ae  ftototl  mstaWtoy 


Motions  in  the  range  of  frequencies  between  those  of  the  hulk  motle  and  the  wave  motions  arc  also  possible.  Instabilities  in 
this  intermediate  frequency  range  have  been  observed  in  liquid  rockets  for  which  the  influence  of  unsteady  behaviour  of  the 
propellant  supply  system  may  extend  over  a  broad  frequency  range.  I  It*  shift  of  frequency  upward  from  the  value  for  the  bulk 
mode  is  due  to  the  combined  action  of  boundary  conditions  (including  the  fuel  system)  and  the  coupling  between  combustion 
processes  and  the  gasdynamics.  In  afterburners,  the  inlet  flow  is  not  choked,  so  disturbances  in  the  chamber  can  propagate 
upstream.  As  a  result,  it  is  possible  that  much  of  the  engine  may  participate  in  the  oscillation,  producing  frequencies  quite 
different  fr>>m  those  one  would  estimate  from  the  geometry  of  the  afterburner  itself.  This  interrelation  emphasizes  the  view 
that  one  may  conveniently  regard  a  combustion  instability  as  an  oscillation  in  the  gasdynamk  medium  perturbed  by  other 
processes  m  the  system,  mainly  the  burning,  the  mean  How,  and  the  boundary  conditions. 

White  it  is  surely  true  that  combustion  is  the  ultinutte  source  of  the  energy  for  the  unsteady  motions,  and  therefore  in  sonte 
sense  the  'nwehaittxm'  for  instabilities,  this  observation  is  broad  and  offers  little  help  in  understanding  or  curing  the  problem  in 
practice.  It  is  essential  to  identity  mote  precisely  the  specific  mechanism  causing  the  particular  instability  at  hand.  In  liquid- 
fuelled  rockets  the  most  important  meefumisms  are  associated  w-itn  the  formation  of  liquid  dtops  from  the  injected  streams  and 
vaporisation.  Chemical  kinetics  is  of  eoutse  fundamental  to  the  reactive  processes  but  generally  occurs  im  time  scales  much 
shorter  than  the  periods  of  unsteady  motioov  The  most  successful  analyses  of  insta'  titties  in  liquid-fuelled  rocket*  have  Ihx* 
liased  mi  mechanisms  involving  droplet  formation,  vaporization  and  combustion. 

Similar  processes  must  take  place  ui  ramjets  and  afterburners  but  there  «  conndevahle  evidence  that  flow  separation  and 
the  foimathto  of  vortex  structures  may  be  more  vigniftcam.  The  chief  icaom  is  due  to  the  different  geometry  ,  both  kinds  of 
devices  are  commonly  designed  with  rent  ward  facing  steps  or  bluff  bo-lies  to  amino  the  mixing  and  euntbustion  Antes.  The 
associated  shear  layers  tend  to  be  unstable,  shedding  voniees  in  the  trequenev  rniige  of  acoustic  inodes  lor  the  Chamber. 
Coupling  with  tire  acouslie  field  encourages  this  resonance.  The  vortex  motions  then  e.  i->e  periodic  entramm-.-nt  ol  uuburnt 
reactants  and,  sub*equctu(y,  penodtc  combustion.  the  unsteady  enctgv  release  is  couples)  to  the  field,  etosrng  the  feedback 
loop 

Wbateser  the  mechanism,  energy  must  be  sttpphydto  the  uxcdktttrqt  flow  held  at  a  suitable  Uvaiton  in  space  ami  time 
during  a  eytW  id  motion.  II  tbecnetgs  addition  is  improperly  tmsed,  the  oscUlatum  may  u»  tj?«t  be  attenuated  this  vrinduion  led 
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he  subject  of  tins  meeting  is  in  the  first  instance  Iinp.it tant  because  of  its  impact  on  practical  piopulxmn  systems 
therefore,  however  fundamental  one  might  regard  the  research  problems,  it  is  essential  always  that  the  work  tv  closely  related 
to  practical  issues.  The  papas.  given  in  this  meeting  reflect  that  need.  Six  of  the  seventeen  papers  deal  with  work  motivated 
directly  by  unsteady  motions  in  actual  systems  or  in  developmcnl  programmes.  A  seventh  is  concerned  with  interpretation  ot 
extensive  data  taken  from  a  ramjet  combustor  tested  in  a  lalmratnry  for  parametric  studies.  And  an  eighth  treats  results  of  tests 
using  a  li<|uid-fticl!cd  rocket  motor  tinder  development.  The  remaining  nine  papers, and  an  informal  presentation, cover  topics 
that  are  fairly  classed  as  applied  reseat cli. 

Ihus  ihc  substance  of  the  meeting  spanned  the  appropriate  spectrum  front  research  to  applications.  1  hat  feature  is  of 
course  reflected  as  well  in  file  audience,  providing  a  good  forum  of  exchange.  In  fact  there  are  two  mixing  criteria  that  u^rc 
satisfied  Ivy  the  meeting.  First,  as  the  above  remarks  emphasize,  it  is  necessary  that  researchers  talk  with  design  and 
development  groups;  and.  perhaps  less  obvious,  it  is  Ivneficial  that  a  common  meeting  should  occur  among  the  communities  ol 
liquid  rockets,  ramjets  and  gas  turbines.  Uoth  sorts  of  activities  have  increased  somewhat  in  the  past  few  years,  this  meeting,  and 
its  published  proceedings,  will  he  a  positive  influence. 

l  ot  purposes  of  the  following  discussion,  it  is  convenient  toclassify  the  papers  somew  hat  differently  from  the  organization 
ol  the  meeting  agenda.  This  is  not  a  perfectly  definitive  classification,  but  four  groups  serve  well:  t  imbustion  Instabilities  in 
Design  and  Development;  Combustion  Instabilities  in  l.itpiid  Koekets;  Combustion  Instabilities  in  Duels  and  Active  Control 
and  Use  of  Computational  Fluid  Dynamics. 


3.  EVALUATION  OF  PAPERS 

The  papers  given  at  the  meeting  are  listed  in  the  table  of  contents  (pages  vi  and  vin).  Paper  |l|  by  Culick.  tilled 
"C  ombustion  Instabilities  in  Liquid-Fueled  Combustion  Systems"  is  a  lengthy  survey  of  both  experimental  and  theoretical 
work  for  all  three  types  of  systems:  liquid  rockets,  thrust  augmentors  and  ramjets.  Little  published  work  exists  for  instabilities  in 
primary  gas  turbine  combustors,  and,  generally,  afterburners  present  substantially  more  serious  problems:  hence  the  emphasis 
on  the  latter  in  this  review.  A  section  of  the  paper  also  covers  the  important  subject  of  passive  and  active  control. 

Control  of  combustion  instabilities  in  practical  propulsion  systems  has  traditionally  been  accomplished  by  passive  means 
Either  the  design  is  changed  in  some  respect  —  typically  the  injection  system  is  modifled  —  or  passive  devices  are  installed, 
usually  baffles  or  acoustic  liners.  Applications  to  liquid  rockets  have  been  thoroughly  covered  in  the  literature;  their  important 
use  in  afterburners  has  tended  to  he  more  of  a  proprietary  matter.  Within  the  past  two  years  or  so.  interest  has  rapidly  grow  n  in 
the  prospects  for  using  uctivc  feedback  control.  The  available  results  are  discussed  in  the  review;  the  more  significant  cut  rent 
researches  also  were  reported  in  the  meeting. 

This  survey  paper  is  intended  partly  as  a  general  summary  ol  combustion  instabilities  in  liquid-fuelled  systems  and  partis 
as  a  discussion  showing  those  features  of  the  problems  that  are  common  to  all  systems.  Ihus  it  provides  a  global  context  us  weil 
as  an  introduction  to  the  papers  given  ut  the  meeting. 

3. 1  Combustion  Instabilities  in  Design  and  Development 


Six  papers,  numbers  |2|,  |3|,  |4|,  1 1 7|,  |S|  and  |V|  report  work  motivated  by  problems  encountered  either  in  actual  full-scale 
systems,  or  in  development.  Also  discussed  in  this  section,  paper  1 1 4|  is  concerned  with  interpretation  of  extensive  data  taken  in 
parametric  tests  of  a  laboratory  ramjet  combustor.  Paper  number  |6|  could  also  be  placed  in  this  class  but  will  be  discussed  in 
the  following  section. 

Papers  |2|,  |3|  and  |4|  were  well-received  contributions  from  the  major  engine  manufacturers.  The  first,  reporting  work  by 
a  group  at  Pratt  and  Whitney,  West  Palm  Heaeh  is  concerned  with  a  problem  of  transient  coupling  between  the  main  gas  turhinc 
comhuslor  and  the  compressor.  The  term  ‘operability’  in  the  title  "Combustor  Influence  on  Fighter  Engine  Operability'  refers 
to  the  necessity  to  avoid  extinction  tif  combustion  if  successful  recovery  from  compressor  stall  is  to  be  effected.  While  this  is  not 
a  problem  considered  traditionally  ns  a  form  of  combustion  instability,  the  designer  and  development  engineer  must 
increasingly  attend  to  all  aspects  of  transient  behaviour  together.  Whatever  the  origins,  fluctuations  i>f  pressure  or  airflow 
imposed  externally  are  potentially  causes  of  instabililics. 

During  extreme  manoeuvres,  for  example,  distortion  of  the  inlet  flow  may  cause  compressor  stall.  Whtlc  the  fuel  flow  to 
the  combustor  remains  stable,  the  stalled  coniprcsor  causes  the  airflow  to  the  combustor  to  oscillate.  In-coming  res  ersed  in  part 
of  Ihe  cycle.  Engine  recovery  is  impossible  if  combustion  censes.  This  problem  is  being  investigated  by  Pratt  and  Whitney  in  a 
transient  lest  facility  funded  by  the  US  Navy.  The  apparatus  provides  means  of  investigating  the  stability  of  a  combustion 
chamber,  and  Its  injection  system,  when  subjected  to  realistic  transient  inputs,  but  without  Ihc  need  to  operate  an  entire  engine 
In  their  paper.  Dutkil  and  Cifonc  describe  some  recent  results,  emphasizing  the  importance  of  this  relatisclv  little-known 
problem. 

In  paper  |3|.  "Characteristics  of  Combustion  Driven  Pressure  Oscillations  in  Advanced  Tutho  Fan  I  ncmcs  wtih 
Afterburner”,  Henderson  and  Lewis  of  Rolls-Royce  describe  Ihcir  use  of  experimental  and  theoretical  methods  to  "ensure 
unrestricted  operation  of  the  afterburner  system  throughout  the  required  operating  range”  of  an  advanced  turbo-fan  engine 
Fuei/air  ratio  is  the  primary  variable  controlling  afterburner  "buzz”,  low-frcqtiency  longitudinal  instabilities  in  the  range  <0- 
200  llz.  (These  low  frequencies  arc  sometimes  also  called  “rumble”.)  Screech  instabilities  involve  transverse  modes  in  tbs 
frequency  range  300—3000 1  !z.  The  dominant  factors  causing  screech  seem  to  he  the  bypass  fuefair  ratio  and  temperature 
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Henderson  and  Lewis  give  an  excellent  description  of  the  problems  of  screech  and  buzz,  including  some  data  and  a 
summary  of  their  approach  to  achieving  successful  operation  of  the  afterburner.  This  is  probably  the  best  published  paper  this 
writer  has  seen  on  the  subject.  It  serves  equally  as  an  informative  introduction  to  the  problems  of  screech  and  buzz,  and  as  a 
good  summary  of  successful  strategies  for  solution. 

Kenworthy  et  al  describe  recent  General  Electric  work  in  paper  [4|,  "Dynamic  Instability  Characteristics  of  Aircraft 
Turbine  Combustors".  Surprisingly,  there  is  little  open  literature  dealing  with  this  subject  —  even  less  man  has  been  published 
on  instabilities  in  afterburners.  Thus  this  paper  is  a  useful  contribution  because  it  covers  recent  work  and  because  the  material 
elaborates  a  relatively  unfamiliar  problem. 

The  paper  covers  both  experimental  work  and  analysis  used  to  interpret  the  data.  It  is  an  interesting  aspect  of  the  work  that 
the  data  have  been  taken  in  a  sector  combustor  rig.  in  this  case  using  a  sector  of  a  CF6-  80A  combustor.  With  this  configuration, 
only  longitudinal  modes  can  be  studied  unless  special  measures  are  taken  to  fit  the  symmetry  of  transverse  modes  —  and  then 
limitations  must  always  remain.  The  analysis  used  had  been  previously  worked  out  and  is  described  only  briefly  in  this  paper. 
Insufficient  information  is  given  to  comment  on  the  substance  or  validity  of  the  analysis.  Broadly  the  model  used  is  familiar; 
acoustic  modes  arc  driven  by  unsteadv  h“,.i  release  Thus  the  first  matter  is  to  construct  a  relation  connecting  flutuations  of  heat 
release  to  other  characteristics  of  the  system.  The  details  of  the  model  are  not  given,  hut  it  appears  that  a  representation  using  a 
time  lag  is  used,  with  combustion  assumed  to  occur  at  a  tain  axial  location  (approximately  a  flame  front).  Approximations  to  the 
boundary  conditions  presented  by  the  compressor  exf  iust  and  turbine  inlet  are  important  pieces  of  the  computations. 

Eventually  distributions  of  amplitudes  mil  phases  of  .esc  illations  are  calculated  and  show  quite  good  agreement  with 
measurements.  Some  of  the  data  were  used  to  set  values  of  ?h ;  boundary  venditions  giving  best  fit  of  the  analytical  results. 
Those  values  were  then  used  in  subsequent  predictions.  Evidently  the  dependence  of  the  predicted  results  on  fuel'air  ratio  was 
accommodated  by  changes  nr  the  time  tag.  I  he  tesults  obtained  so  fat  arc  indeed  encouraging;  future  work  will  involve  tests 
with  sectors  of  combustor  designs  tor  other  engines. 

t  wo  papers  dealt  with  system  problctus  m  ramjet  engines.  Eager  number  |K|,  "Eifels  des  Itistabilites  du  Basse  Frequence 
sur  le  Fonctionnement  des  Pri-  tl’ Air  de  Stalorcactcui  '.  by  Sans  o'  •.  NERA  reported  some  interesting  experiments  on  the 
dynamics  of  an  inlet.  Follow"  »-  ••■ssh  of  n  two-dimensional  ink',  extensive  tests  has :  been  done  with  a  circular  inlet 
diffuser  operated  supersonic" '  u  a  -  •  si  tunnel  <  V  , Hamms  ref  jc-.enting  unsteady  motions  in  a  combustion  emtmher  were 
imposed  with  a  totaling  device  placed  at  the  downstream  end  Fits  dequeues  could  he  varied  up  to  -tin  Hertz, 

The  distribution  of  unsteady  pressure  was  measures  I  with  twelve  transducers,  some  of  which  were  placed  to  detect  the 
location  of  the  inlet  shock,  li ven  with  oscillations  has  mg  maximum  amphtude  as  large  as  ;iiiu  of  the  mean  pressure,  inlet  buzz 
was  not  induced.  This  successful  operation  is  attributed  to  the  favourable  influence  of  internal  boundary  layer  bleed,  a  result 
consistent  with  the  experience  of  odtets.  Th-  paper  contains  considerable  dala  for  tlte  opcrulum  of  tin-  inlet  and  constitutes  a 
useful  etmlribuhon  to  ihe  literature  on  inlet  vlynamies. 

A  major  profilem  at  the  design  of  ramiel  engines  is  achieving  good  matching  ol  Ihe  dynamic  charaetensttcs  ol  the 
supersonic  mlet  dilfuser  and  Ibe  vomhosiot  Tim  matter  has  Ven  studied  experimentally  at  the  US  Naval  Weapons  Center  for 
a  system  using  an  eight-inch  diameter  coaxial  dump  eraubtotor;  some  results  are  reported  in  paper  number  |d|  by  Chun  el  al, 
'Recent  tVselopments  m  Ramjet  Pressure  Oscillation  Teehm  stogy"  The  jmrpose  of  the  work  has  been  mainly  to  establish 
eltarneterizaiums  of  the  stability  of  a  ramtet  eomlmstot  by  using  sternly -state  and  dyanuv  measurements,  For  practical  design 
putjevses  it  tv  particularly  important  to  iletetmltte  the  dependence  of  frequencies  and  amplitudes  of  osetllattons  on  fuel  an 
ratui,  mki  temperature  and  type  of  fuel  lor  a  gtsvn  tnfeemm  sysiem  ami  gevunetry  , 

This  paper  t»  a  summary  of  experimental  results,  with  descriptions  ol  tlte  techniques  used  No  analysis  has  been  applied  to 
tmerpret  the  possible  mechanisms  An  mieresting aspect  t*  that  atuivipafixl  hm-trequeney  mndexdtd  mu  appear. The  observed 
nsctfiauons.in  iHctt0g,hbourh'iods4 1?  KID,  j*  X  KID  amt <  -I  KlUiuwmty)  ate  evidently  tnmsxetse  modes,  Inn  mi  analysts  U 
given  to  tdeoilly  which  one*  wete  exerted.  It  would  he  particularly  useful  to  determine  what  mndifkaitons  ol  the*  Urjeetimt 
system  ate  requited  to  produce  fisngitmlirtal  -nodes 

More  tfuut  »exen  years  ago,  a  lengths  scries  of  tests  was  cat  tied  out  at  the  Aerr»  ProysuUiou  I  alsoratory ,  An  Force  Wright 
.  Aeronautics-*  I  ahotautrics,  mdctetmnv  tire  hiltovnec* of  gcsHnetrreaJ  and  iqvmfiRjs  parameters  on  the  mdafulfirex  ut  a  erraxtal 
ramjet  erauiHistot  With  paper  JITj,  "VefylsvuFtvqucmy  Oseiilattonsin  Liquid-Fueled  Ramjet*".  Reatdorr  lets  summarized 
his  efforts  to  etnrelate  me  vlara  ami  iii*tvtx«'  what  meeltsorotvs  mas  tv  r exporwhse.  He  confined  his  attention  tt*  oscillations  in 
which  the  cvwilmdii-ii  shaodvt  situated  to hulk  mocks  the  pressure  is  then  neatly  umuwtu  in  the  elundvi  and  pulsates  in 
time, 

In  addition  tocorn  taiutg  the  data  aofidted  >«  w  .re  dtan  2W0  tests,  Rendmt  has  attempted  toeratsiruet  analstieal  mmkt* 
«q  satimr*  ptovvwc  to  *sw-w  wtech  wete  neuv  significant  in  causing  the  instabilities.  Based  tm  hi»  experience'  with  liquid 
nvketv  he  adopted  the  fime-lag  model  to  teptes*w  iV  comhudion  pieywo  ID  assumed  tha!  the  sensitise  time  tag  wa* 
iomutated  by  »he  yhemkal  reaction  time  and  that  e»«titx»vmsw  ocesnt cd  wt  a  thin  flame  Row  located  at  an  axial  positron  chosen 
t*»  gise  Nest  predictions  of  sJeadtc-skne  hehavimjt  The  u»ual  fiwmuD  for  the  time-lag  model  of  unsteady  eonmustiwi  was  then 
cottbfited  wnh  Kpresentations'  ret  other  pnwvsvs  nt  the  linemwexl  equaikm  lot  esmveivatioo  <d  energy  Thai  pruesded  a  form 
used  for  a  sfidwhlt  analyses  bavd  on  NyspMsfs  method, 

tWuif  tss  ihe  many  apprcssiioaismt*  ut  the  tmekflistg.  Rraoitst»‘%  csmelushms  sftouid  tv  fyssaided  with  kindly  scepih.’«m  l»s 
be  is  aware)  ID  finds  that  ewdlfaiutg  fuel  and  <ut  supply  rates  ate  the  primal)'  mechanism.  M  she  sense  lhai  tho»e  stmuibiitimn 
alone'  predicted  msiuhShucs  m  neatly  HA  of  ihe  cduetsed  cases  imiushms  of  cortex  shedding  and  cxmceetrce  wasce  did  md 
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significantly  improve  the  predictions.  This  global  conclusion  is  chiefly  a  consequence  of  using  the  time-lag  model,  a  choice  that 
has  not  been  shown  to  be  a  good  one  for  ramjet  engines.  Nevertheless,  the  work  discussed  in  this  paper  constitutes  the  most 
ambitious  effort  to  bring  order  to  the  most  comprehensive  parametric  test  data  available  for  ramjet  engines. 

Paper  number  ( 1 7|,  "Combustion-Driven  Oscillations  in  Large  Combustion  Systems  for  Power  Generation”,  by  Benelli, 
Cossalter  and  DeMichele,  working  at  the  Italian  Thermal  and  Nuclear  Energy  Research  Centre,  may  seem  at  first  out  of  place 
in  a  meeting  devoted  to  propulsion  systems.  In  fact  the  work  demonstrates  one  of  the  major  points  of  the  first  paper  of  this 
meeting,  that  combustion  instabilities  in  all  types  of  chambers  may  be  handled  within  n  common  framework.  The  strategies 
followed  to  understand ; md  cute  undesired  oscillations  in  a  stationary  power  plant  are  fundamentally  the  same  as  those  applied 
to  a  propulsion  system. 

The  practical  problem  was  that  the  power  plant  in  question  could  not  be  operated  at  full  power,  owing  to  the  excitation  of 
pressure  oscillations.  Eventually  the  level  of  oscillations  was  reduced  sufficiently  so  that  the  air  flow,  and  therefore  the  power, 
could  be  brought  to  full  design  values.  To  achieve  that  result,  a  finite  element  analysis  of  the  chamber  was  carried  out  to 
determine  the  natural  mode  shapes,  frequencies,  and  damping  (which  was  dominated  by  the  action  of  the  exhaust  duct).  Good 
agreement  between  measured  and  predicted  frequencies  was  found.  Moreover,  also  in  accord  with  test  results,  the  calculations 
showed  that  the  5th  and  8th  modes  were  unstable. 

Then  the  strategy  was  to  modify  the  injectors  in  order  to  affect  ihe  distribution  of  combustion  and  therefore  the  coupling 
between  heat  release  and  the  acoustic  waves.  This  was  carried  out  successfully  in  accordance  with  Rayleigh’s  criterion, 
described  in  paper  ( 1  j  of  the  meeting.  The  report  of  this  work  is  a  well-written  instructive  account  of  the  application  of  basic 
principles  to  an  important  practical  problem.  It  can  profitably  be  read  by  anyone  concerned  with  combustion  instabilities. 

,'.l  liquid  Rockets 

Two  papers,  numbers  |$|  and  [6|,  were  concerned  with  combustion  instabilities  in  liquid  rockets.  The  first.  “Recherche 
Experimental?  sur  la  Stabilite  des  Petits  Moteurs  Fusees  h  Ergots  Stockables”,  by  Fousnud  and  Lccourt  reports  expcrims'ntal 
results  of  a  programme  intended  to  determine  the  sensitivity  of  the  injection  zone  to  ucmistic  disturbances.  This  is  a 
fundamental  problem  directly  related  to  the  unsteady  heat  release  in  the  chamber. 

The  experiments  were  done  with  a  device  adapted  from  an  apparatus  used  fust  many  years  ago  by  Naduud  and 
Kuentzmunn  at  ONERA  to  investigate  the  sensitivity  of  solid  propellants.  The  essential  idea  is  to  expose  the  propellant,  or  in 
the  present  case  individual  injector  elements,  to  a  controllable  acoustic  disturbance.  This  is  an  effective  tactic,  because  the 
experimenter  does  not  have  to  tope  with  the  difficulties  accompanying  self-excited  oscillations.  Moreover,  it  is  relatively  easy 
and  inexpensive  to  test  the  behaviour  of  different  types  cf  injectors  and  fuels.  Some  results  have  been  obtained  as  part  of  a 
comprehensive  programme  for  investigating  combustion  Instabilities  in  large  rocket  motors,  Thus  the  data  will  be  compared 
with  analysis  of  the  formation  of  sprays  and  eventually  will  be  incorporated  hi  calculations  of  stability. 

Preelik  and  Stwgna  have  reported  some  results  of  tests  with  a  full-scale  motor  in  paper  number  (6),  “Low  Frequency  and 
f  ligh  Frequency  Combustion  Chambers  Fed  by  Liquid  or  Gaseous  Propellants",  They  have  used  Croteo’s  time  lag  model  of 
the  unsteady  combustion  processes  combined  with  approximate  representations  of  the  impedances  of  the  injector  and  nozzle 
to  correlate  their  data  Ail  tests  were  tun  in  the  IIM-7  combustion  chamber  developed  for  Ihe  third  stage  of  the  ARIANE 
vehicle,  Tire  propellants  were  hydrogen  and  oxygen,  injected  as  either  liquids  ot  gases.  Normally.  Ihe  cooecotrie  lube  injector  is 
intended  to  supply  liquid  oxygen  and  gaseous  hydrogen  to  the  combustion  chamber 

Instabilities  were  observed  only  during  ihe  transient  starting  and  stopping  periods.  Low  frequency  oscillations,  in  the 
range  of  a  few  humtred  Hertz,  were  found  always  to  Involve  osediatloo*  in  the  liquid  oxygen  supply  system,  although  during 
shut-down  the  nitrogen  purge  system  also  participated. 

High  frequency'  oscillations  were  observed  during  start-up  only  if  the  temperature  of  the  Injected  fuel  was  below  a  ethical 
value  dependent  on  the  injector  configuration:  the  temperature  was  above  the  thermodynamic  critical  value  so  Ihe  hydrogen 
was  gaseous.  Thus  coupling  between  the  hydrogen  supply  system  ami  the  comtsusfion  ehamher  Is  essential.  Evidently  under 
those  conditions,  the  oxygen  entered  as  a  gas.  However,  high  frequency  oscillations  were  also  found  in  some  cases  when  the 
propellant  feed  systems  were  not  participating  in  the  motions. 

The  authors  provide  approximate  intetprelations  of  their  observations.  On  ihat  basis,  they  offer  possible  means  of 
controlling  the  instabilities  in  the  system  they  studied.  Mainly  they  note  that  lo  eliminate  (he  action  of  the  supply  system,  the 
impedance  of  the  injector  should  be  Increased,  by  itself  or  In  the  feetIUnes.  According  to  their  analysts,  shorter  time  lags  should 
promote  stability,  achieved  by  roodificatm*  to  the  injector  dedgn. 

U  Combustion  Iwlsbditks  in  Space  Duets  and  Active  Centro! 

For  more  tfc.cn  five  ysatsa  research  programme  at  Cambridge  University  has  been  directed  to  the  problem  of  combustion 
inuabiliiks  in  afterburners,  Rolls  Royse  have  provided  binding  for  the  work  ana  are  to  be  commended  for  such  an  admirable 
continuing  commitment,  it  is  rare  indeed  thai  a  private  company  has  the  vision  and  isadw  to  sustain  such  a  programme  in  a 
university.  Capets  |IO|aod|l))  tepntt  t  event  progress  in  that  work. 


In  paper  1 1 0|,  “Reheat  Buzz  —  An  Acoustically  Coupled  Combustion  Instability",  Dowling  provides  a  simplified  version 
of  a  previous  analysis  of  the  linear  unstable  motions  in  the  apparatus  used  for  the  Cambridge  experimental  work.  The  one¬ 
dimensional  conservation  equations  for  unsteady  motions  are  solved  with  boundary  conditions  representing  a  choked  inlet  and 
cither  a  subsonic  or  choked  exhaust  nozzle.  Experimental  data  were  used  for  the  unsteady  heat  release,  inferred  from 
observations  of  light  emission  by  C,  radicals.  The  results  show  good  agreement  with  observations  of  the  frequency  and  spacial 
structure  of  the  oscillations.  Moreover,  the  effects  of  changes  in  fuel/air  ratio,  inlet  temperature,  total  flow  rate  and  length  of 
duct  are  faithfully  described 

Active  control  of  combustion  instabilities  in  liquid  rockets  was  first  proposed  by  Tsicn  in  1953.  The  method  has  never 
been  used  in  practice,  primarily,  it  seems,  because  adequate  sensors  and  instrumentation  have  not  been  available.  Recent 
d  wclopments  n  solid  state  devices  and  microprocessors  have  changed  the  situation  dramatically.  Beginning  in  1983.  the 
Cambridge  group  have  been  investigating  several  possible  methods  of  active  control  of  the  instabilities  in  their  test  rig  analysed 
by  Dowling  in  paper  |10|.  The  most  recent  efforts  involving  active  control  of  the  fuel  supply,  seem  definitely  to  point  in  the 
direction  of  possible  application  to  full-scale  devices.  The  subject  is  still  in  very  early  stages  of  research  but  its  promise  is 
illustrated  by  the  results  reported  by  Langhome  and  Hooper  in  paper  1 1 1 1,  “Attenuation  of  Reheat  Buzz  by  Active  Control". 

The  basic  ide;  is  to  measure  some  variable  characterizing  an  observed  instability  and  use  this  feedback  signal  to  control 
the  fuel  supply  and.  ultimately,  the  unsteady  energy  release.  Owing  to  peculiarities  of  the  configuration,  a  secondary  controlled 
source  of  hiel/air  mixture  was  used  in  the  Cambridge  rig.  With  only  3%  more  fuel  added,  the  amplitude  of  the  peak  oscillation 
was  more  than  halved  while  the  total  acoustic  energy  in  the  frequency  range  0—400  Hz  was  reduced  to  1 8%  of  its  uncontrolled 
value.  Moreover,  the  controller  allowed  operation  to  higher  fucl/air  ratios  because  the  flame  stability  limit  was  extended. 

The  prospective  development  of  active  control,  also  discussed  by  Candel  in  an  informal  presentation  describing  work  at 
Ecole  Central  in  Paris,  was  perhaps  the  most  wamatic  and  tantalizing  subject  addressed  at  the  meeting.  It  will  be  a  considerable 
I’me  'cfon.  practical  up  '  -ution,.  can  be  realized  —  and  it  Is  surely  not  yet  obvious  that  they  ever  will  be.  But  the  ability  to 
control  unsteady  motions  m  laboratory  experiments  will  definitely  become  a  widely  used  method  for  research  on  combustion 
systems. 

Paper  number  |15|,  “Oscillations  in  Noit-Axisymmetric  Dump  Combustors"  described  work  at  the  Imperial  College  of 
Science  md  Technolog'1  ‘Whituuw  and  Sivasegaranri  and  at  the  US  Naval  Weapons  Cen'er  (Schadovv  ami  Gutmurk).  The 
main  thrust  uf  the  experimental  efforts  has  been  passive  control  of  the  coupling  between  large-scale  vortex  structures  mid 
acoustic  modes.  Test  results  have  been  obtained  for  a  t  angc  of  burner  geom  'tries;  the  chief  variables  were  length/diumetor  and 
shape  of  cross-section.  SpecM  advantage taken  of  the  shape  by  modifying  the  location  of  fuel  injection. 

Probably  the  most  significant  global  conelus'on  is  that  the  tendency  to  Instabilities  Is  discouraged  if  fuel  is  injected  in  such 
a  fashion  us  to  avoid  combustion  within  large  shed  vortices.  This  re*  ult  was  first  demonstrated  experimentally  by  Schadow  and 
his  co-workers.  It  is  clearly  an  important  matter  lor  engine  designers,  ulready  providing  qualitative  guidelines  in  respeel  to 
imputtam  influences  of  geometry.  Observations  have  been  made  over  b.oad  ranges  of  operating  conditions  as  well  as 
geometrical  variables.  It  is  clear  that  significant  effects  have  ben  identified  in  the  laboratory.  Enough  has  dime  to  merit 
incorporating  the  ideas  in  design  and  development  tests  of  full-scale  engines. 

3.4  Use  of  Computational  Fluid  Ilya.-  mk» 

While  computational  fluid  dynamics  has  become  an  integral  pan  of  the  design  process  for  external  aircraft  and  mls&ilc 
dynamics,  its  use  for  internal  flows  hus  been  developing  much  levs  rapidly.  Ho  doubt  this  situation  is  due  partly  to  the 
importance  of  viscous  effects  to  Internal  flows,  and  me  faet  that  in  many  proW<*mv  -  notably  flows  In  combustors  —  the 
difficulties  of  turbulence  modelling  mu*,  lie  faced  squarely,  Thu.,  lor  praeti  a)  purposes,  evolutionary  design  bv  It  lal  and  error 
has  been  an  acceptable  procedure.  Computational  nkthud*  apparently  have  yel  to  offer  substantial  advan'  .ges  of  eost.  despite 
continual  progress  In  analysis  of  flows  in  compressors,  turbines  and  comfit  lion  chambers, 

Only  in  the  past  5—7  years  has  CFD  been  applied  lo  ramjet  eom  -  mts  and  liquid  rockets.  elilePy  ta  connection  with 
combustion  insiublltfles;  the  use  of  comprehensive  analysis  for  ramjets  and  rockets  has  not  been  motivated  by  problems  of 
design  for  higher  performance.  Papers  |12|  and  (16j  summarize  progress  in  two  US  efforts  devoted  to  computations  of 
unsteady  flows  and  ramjet  combustors;  paper  1 1 3]  is  a  report  of  work  a’  1UBKA,  covering  the  initial  results  obtained  with 
adaptation  of  a  code  developed  elsewhere,  originally  for  uuatysis  of  flow's  in  diesel  engines. 

Paper  |IJ|.  “Numerical  Simulation  of  Pressure  Qsetllu.ions"  by  Jou  and  Memm  of  Flow  Research,  Inc.,  treats  “large  eddy 
simulations  o’  compressible  cold  flow  in  a  ramjet  combustor  configuration".  Their  computations  are  based  on  the  compressible 
Nu  vler-Stoke*  equations  for  axisy.iunetrie  flow;  thus  laminar  viscous  effects  are  included,  bui  turbulent  modelling  Is  not.  Hie 
geometry  studied  Is  exactly  that  used  in  laboratory  tests  at  the  Naval  Weapons  fitter,  Extensive  data  have  established  the 
importance  of  vot tex  shedding  and  coupling  with  the  acoustical  motions  as  a  dominant  mechanism  for  excitation  uf  acoustic 
modes.  This  process  can  drive  acoustic  modes  in  eold  flow;  combutiion  in  a  reacting  flow  tends  to  cause  lilgher  amplitudes. 
Thus  the  restriction  of  these  computations  to  cold  flow  necessarily  excludes  some  Important  details  but  ne  results  capture 
much  of  the  basic  behaviour. 

An  important,  and  highly  commendable,  feature  of  this  work  is  that  the  authors  attempt  to  treat  their  numerical  result* 
much  as  one  would  process  experimental  data.  They  perform  spectral  ar.  ..lysis  and,  more  difficult,  attempt  to  identify  and 
distinguish  the  vortieity  and  acoustic  fluctuations.  The  Utter  is  accomplished  by  computing  the  Insianianeous  dilatlon  Qekl  that 
serves  as  the  sourer  of  the  acoustic  motk'ns- 


The  compulations  of  tile  large-scale  structures  compare  well  with  experimental  data  taken  elsewhere  for  flow  past  a 
backward  facing  step.  These  vortices  not  only  radiate  (weakly)  acoustic  waves  that  ultimately  interfere  constructively  to  form 
classical  acoustic  wave  modes,  but  are  also  responsible  for  exciting  coupled  vorticily/ acoustic  modes.  When  vorticity  impinges 
on  the  noz2ie,  pressure  disturbances  are  created  that  propagate  upstream,  are  reflected  from  the  upstream  end  of  the  chamber, 
and  again  ultimately  interfere  to  form  a  steady  mode  of  oscillation.  Howevet ,  in  this  case  the  frequencies  of  the  possible  modes 
arc  significantly  different  from  the  classical  values.  The  authors  have  constructed  a  simple  model  of  thsc  coupled  modes,  giving 
a  method  for  estimating  the  frequencies. 

Jou  and  Menon  have  only  commented  on  their  intentions  to  include  combustion  processes.  Kailasanath  et  al  in  paper  [  16|, 
"Acoustic-Vortex-Chemical  Interactions  in  an  Idealized  Ramjet"  discuss  their  results  for  both  non-reacting  and  reactive  flows 
obtained  at  the  Naval  Research  Laboratory.  They  solve  the  equations  for  compressible  unsteady  flow  in  an  axisymmetric 
eonfiguration  intended  to  mimic  that  used  in  the  tests  at  the  Naval  Weapons  Center.  However,  the  nozzle  is  represented  by  an 
axisymmetrie  array  of  small  orifices.  Viscous  stresses  are  not  accounted  for,  and  no  artificial  viscosity  is  introduced.  Residual 
numerical  diffusion  is  present  at  scales  of  the  order  of  the  grid  size;  those  short  wavelength  artifacts  are  rapidly  damped  but 
apparently  act  to  initiate  the  unsteady  vortex  motions.  The  numerical  computations  are  directed  to  the  interactions  between  the 
vortex  structures  and  the  acoustic  modes,  which  are  largely  inviscid  processes. 

Here  too  the  authors  carry  out  spectral  analysis  of  their  results,  as  well  as  providing  pictures  of  the  flow  showing  the 
behaviour  at  successive  instants  of  time.  The  results  seem  to  compare  favourably  with  those  of  Jou  and  Menon.  although  careful 
comparison  is  not  possible  because  the  two  works  have  not  solved  exactly  the  same  problems.  Perhaps  the  more  interesting  part 
of  the  work  by  Kailasanath  et  al  is  their  effort  to  include  combustion  processes.  They  simplify  the  reaction  scheme  for  a  pre¬ 
mixed  hydrogen/air  mixture  by  using  a  two-step  model.  Experimental  data  are  used  to  estimate  the  induction  time  separating 
the  two  steps,  energy  release  taking  place  in  the  second.  The  authors  recognized  that  the  mode)  is  crude  —  a  necessary 
restriction  to  save  computing  costs  —  so  their  results  concentrate  mainly  on  the  qualitative  effects  of  energy  release. 

They  And  that  the  vortex  motions  cause  significant  spatial  and  temporal  variations  in  the  energy  release.  Application  of 
Rayleigh's  criterion  shows  that  unsteady  combustion  drives  the  waves  in  the  region  3—4,5  diameters  downstream  of  the  inlet 
plane.  Large  energy  release  tends  to  destroy  many  of  the  features  of  the  vortex  field  existing  in  cold  flow;  vortex  merging  is 
prevented  and  the  flow  is  dominated  by  a  single  large  vortex.  There  seems  as  yet  to  he  no  experimental  results  available  to 
confirm  or  deny  this  observation. 

The  last  paper  1 1 3),  ''Simulation  Numerique  du  Euoctionncmcnt  Instatiomtaire  d'un  Foyer  it  I’Ulargissemem  Brusque"  by 
Gamier  et  al  also  treats  a  dump  eomhusiur.  The  signifteant  difference  is  that  injection  of  liquid  fuel  is  treated  explicitly.  A 
computer  code,  K1VA.  obtained  from  the  Los  Alamos  National  Laboratory  lias  been  adapted  for  this  work.  Evidently  the  chief 
modifications  were  required  to  account  for  inflow  and  exhaust  of  propellants  and  combustion  products.  The  computations 
become  elaborate  because  the  gas  and  liquid  phases  mast  be  distinguished  and  in  addition  turbulence  modelling  and  a  realistic 
representation  of  chemical  reactions  are  Included,  Unlike  most  other  worksdealing  with  two  phase  tluw, calculations  of  the  two 
phases  are  treated  together  in  a  three-step  scheme  described  briefly  in  the  paper. 

Results  are  given  for  n  configuration  quite  similar  to  that  used  In  tlw  two  papers  discussed  above.  Liquid  fuel  is  assumed 
in|cctcd  both  in  the  inlet  duet  jus*  upstream  of  the  dump  plane,  mid  at  flic  face  *4  the  dump  plane  Itself.  Only  Initial  results  arc 
given,  showing  unsteady  development  of  the  flow  at  various  instants  of  time.  Qualitatively,  at  least,  the  flow  appears  to  he 
realistic. 

The  paper  is  a  good  summary  of  the  method  and  etotuinx  a  comprehensive  list  of  referenees.  It  is  the  first  report  ni  what 
appears  to  tic  a  promising  atul  fruitful  approach  to  numerical  analysis  of  unsteady  flows  in  Uquld-lueUed  combustors. 


4.  CONCLUSIONS 

The  papers  presented  at  this  meeting  reflect  well  reecm  work  and  the  present  status  of  combustion  instabilities  in  liquid- 
fuelled  propulsion  systems.  With  a  neatly  even  split  of  coverage  between  developmental  and  research  problems,  the 
proceedings  should  serve  as  a  good  Inuodueiktrt  to  the  subjeet. 

It  seems  that  the  most  obvious  deficiency  In  the  meedttg  was  a  failure  to  include  papers  dealing  with  the  production, 
vaporisation  atul  combustion  of  sprays.  Much  has  been  accomplished  In  recent  years  on  the  subject  of  the  steady  behaviour  of 
sprays.  Less  Is  understood  of  the  unsteady  enmbustion.  hut  certainly  enough  to  have  justified  at  least  one  paper  Both 
theoretical  and  experimental  results  should  be  attended  to  In  any  fidure  otcedng  on  combustion  instabilities,  A  related 
problem,  which  is  especially  significant  for  design  and  development,  is  that  of  the  distribution  of  fuels  amt  fueLoxidUct  «dh» 
over  the  inlet  piano  hr  the  combustor.  This  boundary  condition  apparently  has  considerable  -  sometimes  crucial  ~  Influence 
on  combustion  instabilities.  Unfortunately,  little  Is  known  of  the  didtihuthuts  actually  occurring  in  practice. 

Applications  ttf  computational  fluid  dynamics  and  the  use  of  active  control  are  the  most  promising  new  subjects  covered 
in  the  meeting,  The  (vipers  given  reported  work  frotu  the  gmups  most  active  In  those  areas. 

The  Programme  Cummittee  is  to  be  congratulated  lor  organizing  a  suceetsful  meeting  that  wweeoded  in  covering  the 
surest  uf  enmbustion  instabilities  in  topical  fashion. 


5.  RECOMMENDATIONS 


Although  combustion  instabilities  will  likely  always  remain  unwanted  in  propulsion  systems,  their  continued  existence 
can  be  guaranteed  for  reasons  discussed  briefly  in  the  introduction.  Large  amplitude  oscillations  can  be  very  expensive  to  treat 
when  they  arise  lute  in  a  development  programme.  Thus  it  is  necessary  that  research  and  engine  designers  maintain  continuing 
exchange  of  their  experiences  and  progress. 

An  AGARD  Specialists'  Meeting  is  a  particularly  good  medium  for  such  exchange  of  information.  No  other  organization 
provides  the  opportunity  for  bringing  together  international  experts  in  a  relatively  narrow  field  for  two  days'  intensive 
discussion. 

It  is  therefore  entirely  appropriate  that  the  subject  of  combustion  instabilities  be  included,  say.  every  3—4  years  in  the 
schedule  of  HEP  meetings.  Some  benefit  may  be  gained  by  covering  instabilities  in  solid-fuelled  as  well  as  liquid-fuelled  systems 
in  a  single  meeting.  There  arc  in  fact  many  common  problems.  The  opportunity  to  compare  progress  in.  for  example,  the  use  of 
computational  fluid  dynamics  would  benefit  both  communities 
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Abstract 

Combustion  of  reactants  in  a  confined  volume  favors  excitation  of  unsteady  motions  over  a  broad  range  of 
frequencies,  A  relatively  small  conversion  of  the  energy  released  will  produce  both  random  fluctuations  or  noise, 
and,  under  many  circumstances,  organized  oscillations  generically  called  combustion  instabilities.  Owing  to  the 
high  energy  densities  and  low  losses  in  combustion  chambers  designed  for  propulsion  systems,  the  likelihood  of 
combustion  instabilities  is  high.  The  accompanying  heat  transfer  to  exposed  surfaces,  and  structural  vibrations 
are  often  unacceptable,  causing  failure  in  extreme  cases.  This  paper  is  a  brief  review  of  combustion  instabilities  in 
liquid- fueled  propulsion  systems— rockets,  ramjets,  and  thrust  augmentors— with  emphasis  on  work  accomplished 
during  Hie  past  decade.  To  provide  a  eonunon  framework  for  discussing  the  wide  range  of  works,  a  theory  of 
two-phase  flow  is  reviewed  as  the  basis  for  an  approximate  analysis  of  combustion  instabilities.  The  analysis  is 
directed  primarily  to  treatment  of  linear  stability;  it  is  sufficiently  general  to  accommodate  all  processes  occurring 
in  actual  system*.  A  new  result  has  been  obtained  for  an  extended  form  of  Rayleigh's  criterion  and  its  relation 
iu  the  growth  constaut  for  unstable  waves.  The  cliief  mechanisms  for  combnstiun  instabilities  in  liquid-fueled 
systems  are  reviewed,  followed  by  a  summary  of  the  common  methods  of  analysis  and  applications  to  riic  tliree 
ciasse*  of  propulsiou  systems.  Control  of  instabilities  by  passive  and  aetive  means  is  examined  briefly. 
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1.  INTRODUCTION 

Chemical  propulsion  systems  depend  fundamentally  on  the  conversion  of  energy  stored  in  molecular  bonds 
to  mechanical  energy  of  a  vehicle.  The  first  stage  of  that  process  is  combustion  of  fuel  and  oxidizer.  Burning  takes 
place  at  relatively  high  pressure  in  a  vessel  open  only  to  admit  reactants  and  to  exhaust  the  hot  products.  Liquid- 
fueled  rockets,  ramjets  and  thrust  augmentors  (afterburners)  are  intended  to  operate  under  conditions  that  vary 
little  during  the  time  required  for  a  disturbance  to  propagate  across  the  combustion  chamber.  Normal  design 
considerations  for  such  systems  commonly  do  not  include  thorough  consideration  of  truly  unsteady  combustion 
and  flow. 

Yet  unsteady  motions  arc  always  present,  as  random  fluctuations  or  noise,  and  often  us  organized  vibratory 
motions  gencricnlly  termed  "combustion  instabilities".  Noisy  motions  cause  structural  vibrations  over  a  broad 
frequency  band,  usually  requiring  only  routine  qualification  of  the  vehicle  and  equipment.  The  amount  of  energy 
contained  in  the  noise  field  is  a  negligibly  small  part  of  the  total  energy  available  and  causes  no  measurable 
reduction  in  the  performance  of  the  machine. 

Likewise,  combustion  instabilities  even  at  the  highest  amplitudes  observed  consume  a  small  fraction  of  the 
available  chemical  energy.  The  oscillations  do  not  directly  affect  the  steady  thrust  produced  by  the  systems. 
Serious  problems  may  nevertheless  arise  due  to  structural  vibrations  generated  by  oscillatory  pressures  within 
the  chamber,  or  induced  by  fluctuations  of  the  thrust.  In  extreme  cases  internal  surface  heat  transfer  rates  may¬ 
be  amplified  ten-fold  or  more,  causing  excessive  erosion  of  chamber  wails. 

Special  practical  problems  have  arisen  in  the  three  classes  ofliquid-fueled  systems.  Strong  coupling  between 
chamber  pressure  oscillations,  tow  frequency  structural  vibrations  and  the  propellant  feed  system  produces  the 
common  PQGO  instability  in  liquid  rockets.  Axial  oscillations  in  ramjet  engines  have  recently  become  nou- 
blcsome;  their  influence  on  the  shock  system  in  the  inlet  diffuser  can  produce  a  reduction  of  the  inlet  stability 
margin.  Because  of  their  light  construction,  thrust  augmentors  are  susceptible  to  failure  of  flameholders  or  of 
the  basic  structure  when  combustion  instabilities  become  severe.  Many  augmentors  must  therefore  be  operated 
with  reduced  performance  in  portions  of  the  flight  envelope. 

Combustion  instabilities  may  be  regarded  as  the  unsteady  motion*  of  a  dynamical  system  capable  of  sustain¬ 
ing  oscillations  over  a  broad  range  of  frequencies.  The  term  'combustion  instability’  is  usefully  descriptive  but 
slightly  misleading.  In  most  lustanees  the  combustion  processes  tlteroselves  are  stable  •  uncontrolled  explosions 
or  other  intriusie  Instabilities  are  not  usually  at  work.  The  presence  of  an  instability  in  a  combustion  chumber  is 
established  by  observing  either  the  gas  pressure  or  accelerations  of  the  enclosure.  Excitation  and  sustenance  of 
an  (Mediation  occurs  because  of  coupling  between  the  combustion  processes  and  tire  gas  dynamical  motion*,  both 
of  which  alone  may  be  stable.  If  the  fluctuation  of  energy  release  responding  to  a  pressure  disturlrance  causes 
a  further  change  of  pressure  in  phase  with  tire  initial  dUturbauee,  then  the  result  may  Ire  on  instability.  Tbit* 
(Hie  may  view  the  Miavbu  as  that  of  a  stable  open-loop  system  (tire  gasdynatnies)  made  unstable  by  a  pusiitve 
feedback  loop,  tire  gain  being  associated  with  the  combustion  processes. 

Owing  to  the  Internal  coupling  between  combustion  processes  and  unsteady  motions,  an  observer  perceive* 
an  unstable  motion  ss  "trelf-exelted1"  Tire  amplitude  of  lire  motion  grows  not  of  the  noise  without  tire  need  for 
an  external  influence.  Two  fundamental  reason*  explain  the  prevalence  of  Instabilities  hr  combust  bar  system*: 

i, )  an  exceedingly  small  part  of  tire  available  energy  Is  sufficient  to  produce  unacceptably  large  unsteady  morions; 
0,1  the  processes  tending  to  attenuate  unsteady  motions  ate  weak,  chiefly  because  combttstlon  chamber*  are 

neatly  closed. 

These  two  characteristic*  are  common  to  tdl  combustion  system*  and  imply  that  the  possibility  of  instahili 
its*  occurring  during  development  of  a  new  device  must  be  recognised  and  anticipated,  Heating  combustion 
Instabilities  is  part  of  the  ttecesssty  ptiee  to  be  paid  for  high  performance  chemical  propulsion  systems. 

Tire  fact  that  only  a  small  part  uf  the  total  power  produced  is  involved  suggest*  that  lire  existence  ami 
severity  of  eourbtwtlon  instabilities  may  be  sensitive  to  apparently  minor  changes  in  the  system,  That  conclusion 
U  supported  hy  experience,  Moreover,  the  complicated  chemical  and  flow  processes  prohibit  ccmtmtrtitm  of 
a  complete  theory  developed  from  firs*  priori  pie*.  It  is  therefore  essential  that  theoretical  work  always  he 
closely  allied  with  experimental  remit*.  So  single  analysis  will  encompass  alt  possible  Instabilities  in  the  various 
practical  systems.  There  are  nevertheless  many  features  common  to  the  three  types  of  er-mhnsilon  chambers 
discussed  ta  this  paper,  While  It  l*  not  possible  to  predict  accurately  lire  ocenrrence  or  details  of  Instabilities,  a 
framework  doe*  exist  few  understanding  their  general  behavior  and  tor  formulating  statements  summatiidiig  tire 
chief  characteristics,  fhe  ptartlcal  purposes,  theory  serves  mainly  to  analyte,  understand,  and  predict  trends  it 
behavior,  Experimental  data  are  always  required  to  deduce  quantitative  result*. 

All  combmulou  Instabilities  are  unsteady  motion*  of  the  compressible  gases  within  tire  eUambet.  If  the 
amplitude  Is  small,  the  Instability  l*  dosely  related  to  daaskal  acoustical  behavior  occurring  in  lire  absence  of 
combustion  and  mean  flow,  The  geometry  of  the  chamber  te  thetefcwe  a  dominant  influence.  CorrcspondiH# 
10  classical  remit*.  traveling  and  standing  waves  are  feurnd  at  frequencies  approximated  quite  well  %  Camiiia* 
{stoodas  depending  only  on  the  speed  of  sound  and  the  dimension*  of  the  chamber. 

Such  wave  motion*  comprise  the  majority  of  Instabilities  observed  in  the  three  types  of  system*  discussed 
here.  They  are  driven  hy  the  energy  released  by  the  combustion  processes  and  influenced  by  rhe  mean  flow  as 
welt  a*  by  the  condiilous  at  the  le'et  and  exhaust,  Under  suitable  circumstance*  the  flow  of  energy  to  the  waves 
may  so  dominate  the  toes  that  nottUucarr  behavior  become*  riguittraat;  Ur  extreme  cams  shack  wave*  may'  form. 
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Nevertheless,  because  the  propagation  speed  of  disturbances  is  a  weak  function  of  the  amplitude,  the  frequencies 
don’t  differ  greatly  from  classical  values  computed  for  the  same  geometry.  Hence  mere  prediction  of  frequency 
is  no  test  of  a  theory  of  combustion  instability. 

Owing  to  the  presence  of  combustion  and  mean  flow,  other  kinds  of  motion  are  possible,  having  frequencies 
below  that  of  the  fundamental  wave  mode.  For  any  chamber,  the  lowest  frequency  is  associated  with  a  "hulk" 
mode,  in  which  the  pressure  is  nearly  uniform  throughout,  but  pulsating  in  time.  The  velocity  fluctuation 
is  nearly  zero.  This  mode  corresponds  to  the  vibrations  of  a  Helmholtz  resonator  obtained,  for  example,  by 
blowing  over  the  open  end  of  a  bottle.  In  a  combustion  chamber,  the  driving  source  may  be  directly  the  burning 
processes:  or  it  may  be  due  to  oscillations  in  the  supply  of  reactants,  caused  in  turn  by  the  variations  of  pressure 
in  the  chamber.  In  n  liquid  rocket,  structural  oscillations  of  the  vehicle  or  the  feed  system  may  also  participate, 
producing  the  POGO  instability. 

Motions  in  the  range  of  frequencies  between  those  of  the  bulk  mode  and  the  wave  motions  are  also  possible. 
Instabilities  in  this  intermediate  frequency  range  have  been  observed  in  liquid  rockets  for  which  the  influence 
of  unsteady  behavior  of  the  propellant  supply  system  may  extend  over  a  broad  frequency  range.  The  shift 
of  frequency  upward  from  the  value  for  the  bulk  mode  is  due  to  the  combined  action  of  boundrry  conditions 
(including  the  fuel  system)  and  the  coupling  between  combustion  processes  and  the  gasdynamics.  In  afterburners, 
the  inlet  flow  is  not  choked,  so  disturbances  in  the  chamber  can  propagate  upstream.  As  a  result,  it  is  possible 
that  much  of  the  engine  may  participate  in  oscillation,  producing  frequencies  quite  different  from  those  one 
would  estimate  from  the  geometry  of  the  afterburner  itself.  This  interpretation  emphasizes  the  view  that  one 
may  conveniently  regard  a  combustion  instability  as  an  oscillation  in  the  gasdynamic  medium  perturbed  by  other 
processes  in  the  system,  mainly  the  burning,  the  mean  flow,  and  the  boundary  conditions.  General  features  of 
the  possible  oscillations  and  formulation  of  the  theoretical  framework  are  discussed  further  in  Soction  2.  partly 
as  u  means  of  classifying  observed  instabilities.  A  new  result  given  in  Section  2.5  is  a  form  of  Rayleigh’s  criterion 
accounting  for  all  linear  processes.  That  leads  naturally  to  direct  connection  with  the  growth  constant.  Section 
2.6.  Thus  two  general  ways  of  assessing  unstable  behavior  are  shown  to  be  equivalent. 

Section  2  contains  lengthy,  though  abbreviated,  calculations  Included  here  chiefly  for  two  reasons.  First,  it 
is  important  to  realize  that  combustion  instabilities  in  all  liquid-fueled  systems  CBn  be  accommodated  within 
a  eommon  theoretical  framework.  The  analysis  given  here  certainly  is  not  unique,  but  it  is  »  convenient  form 
encompassing  at  least  the  esseutial  Ideas  of  moat  previous  works.  The  second  reason  is  that  the  calculations 
produce  several  general  results  that  we  use  in  later  discussions  of  specific  problems.  However,  it  is  unnecessary 
to  know  the  dot rils  of  the  analysis  to  understand  the  applications  of  the  results  in  the  remainder  of  the  paper. 

While  it  is  surely  true  that  combustion  is  the  ultimate  source  of  the  energy  for  the  unsteady  motions, 
and  therefore  in  some  sense  the  ‘mechnnlsm’for  instabilities,  this  observation  is  broad  and  otters  little  help  in 
understanding  or  curing  the  problem  in  practice.  It  is  essential  to  Identify  more  precisely  the  specific  mechanism 
causing  the  particular  instability  at  hand.  In  liquid-fueled  rockets  the  most  important  mechanisms  are  associated 
with  the  formation  of  liquid  drops  (or  droplets,  since  they  are  quite  small!)  from  tin?  injected  streams  ami 
vaporisation.  Chemical  kinetics  is  of  course  fundamental  to  the  reactive  processes  hut  generally  occur  on  time 
scales  much  shorter  than  the  periods  of  unsteady  motions.  The  must  successful  analyses  of  Instabilities  in 
liquid-fueled  roekets  have  been  based  on  mechanisms  Involving  droplet  formation,  vaporisation  and  combustion. 

Similar  processes  must  take  place  in  ramjets  and  afterburners  but  there  is  considerable  evidence  that  flow 
separation  and  the  formation  of  vortex  structures  may  be  more  significant.  The  chief  reason  is  due  to  •  he 
different  geometry.  Both  kind*  of  device*  are  commonly  designed  with  rearward  facing  step*  or  bluff  bodies  to 
anchor  the  mixing  and  combustion  sone*.  The  associated  shear  layers  tend  to  be  unstable,  shedding  vortices 
in  the  frequency  range  of  acoustic  modes,  for  the  chamber.  Coupling  with  the  acoustic  field  encourage*  this 
resonance,  The  vortex  motion*  tiien  cause  periodic  entrainment  of  unburnt  reactant*  and,  subsequently,  periodic 
combustion.  The  unsteady  energy  release  is  coupled  to  the  field,  closing  the  feedback  loop. 

Whatever  the  mechanism,  energy  must  be  supplied  to  the  oscillating  How  field  at  a  suitable  location  in 
space  and  time  during  a  eyeie  of  motion,  If  the  energy  addition  it  improperly  timed,  the  oseiliation  may  In  faet 
be  attenuated.  This  condition  led  early  in  tire  history  of  the  subject  to  the  notion  of  time  lag  as  a  means  of 
interpreting  the  mechanisms  for  causing  instabilities.  Apparently  von  Karman  in  1041  suggested  introducing  a 
time  lag  in  the  theoretical  description  as  a  means  of  explaining  combustion  Instabilities,  Whatever  may  have 
been  the  first  proposal.  It  was  Croceo  anti  his  etc  workers  and  student*  at  Princeton  who  developed  and  applied 
the  idea  during  the  1030‘s  and  1960's,  ft  remain*  as  the  basis  tf  one  of  the  two  or  three  standard  methods  for 
studying  Instabilities, 

The  time  lag  is  usually  defined  as  the  intetval  from  the  Instant  at  which  an  element  of  liquid  reactant  enters 
the  ehamber*  to  the  time  at  which  combustion  of  that  mass  is  completed,  fallowing  Croeco’s  early  work  virtually 
all  formulations  assume  that  the  conversion  processes  acting  during  tire  lag  period  are  dependent  on  pressure 
only.  Some  work  has  accounted  for  dependence  on  velocity.  Ft*  the  most  common  case,  the  result  of  reasoning 
in  this  Itssit  produces  a  representation  of  the  unsteady  energy  release  In  the  ehamber,  a  formula  containing  two 
parameters,  the  time  tag  r  and  the  pressure  index  n.  Such  a  description  is  commonly  referred  to  as  the  n-r 
made),  meaning  almost  always  the  model  constructed  by  Crocco, 

In  practice,  the  n-r  model  has  been  used  chiefly  in  what  might  fairly  be  called  indirect  fashion.  An  analysis 
for  the  stability  of  small  amplitude  oscillation*  is  carried  out  with  the  n-r  model  representing  the  unsteady 
source  acting  as  the  feedback  mechanism,  Such  an  analysis  produce*  two  results:  a  formula  for  the  frequencies 
of  oscillation*,  and  a  formula  fee  the  rate  at  which  those  oscillations  will  grow  or  decay,  If  all  input  variables 
and  parameter*  are  known,  the  result  can  be  used  to  predict,  for  a  specified  operating  condition,  whether  the 
oscillation*  are  stable  or  not,  The  difficulty  l*  that  the  voSea  of  n  and  rare  not  known:  they  are  really  present 
only  a*  parameters  characterising  the  unsteady  combust!  on  processes  In  some  global  sense. 


Hence  the  usual  procedure  is  to  assume  that  everything  else  is  known  and  calculate  the  iod  n  versus  r  (or 
neutral  stability  (i.e.  no  growth  or  decay)  of  the  various  modes.  Those  results  can  be  used,  for  example,  to 
correlate  data  and  to  deduce  the  values  of  n  and  r  associated  with,  say,  various  injector  designs.  Unless  the 
detailed  processes  are  analyzed,  theoretical  values  of  n  and  r  are  not  known  and  the  n-r  model  cannot  be  used 
for  predicting  actual  behavior.  Nevertheless,  this  approach  seems  to  have  been  the  most  common  strategy  for 
studying  instabilities  in  liquid-fuel  rockets. 

Following  a  survey  of  various  mechanisms  is  Section  3,  we  discuss  the  chief  analytical  schemes  in  Section 
4.  Theories  and  computational  procedures  for  combustion  instabilities  may  be  classified  in  two  ways:  linear  or 
nonlinear  behavior  and  analytical  or  numerical.  Whether  or  not  nonlinear  calculations  are  to  be  done  rests  in 
the  first  instance  on  decisions  regarding  the  physical  behavior.  At  least  as  a  preliminary,  a  linear  theory  should 
be  worked  out  first,  but  the  limitations  must  be  understood.  Whatever  the  content  of  a  linear  theory,  only  two 
results  are  obtained:  the  frequencies  of  allowed  oscillations  in  the  system,  and  the  rate  at  which  small  amplitude 
distrubances  will  grow  or  decay.  If  a  disturbance  is  unstable  in  an  actual  system,  the  amplitude  grows  without 
limit  unless  one  or  more  nonlinear  processes  act.  That  is  a  fundamental  characteristic  of  self-excited  systems. 
Moreover,  full  understanding  of  the  response  of  a  combustion  system  to  finite  initial  disturbances  con  be  gained 
only  with  a  nonlinear  theory.  By  far  most  of  the  theoretical  work  on  combustion  instabilities  has  been  based  on 
liuear  behavior.  We  do  not  review  nonlinear  theory  in  this  paper. 

Ultimately  for  applications  in  design  of  actual  systems,  there  seems  little  doubt  that  elaborate  numerical 
calculations  are  required.  The  complications  presented  by  the  gas  dynamics,  chemical  processes  and  geometrical 
configurations  block  solution  to  the  governing  differential  conservation  equations  in  any  but  the  simplest  cases: 
nothing  like  closed  form  solutions  can  be  expected.  When  the  n  -  t  model  is  used,  it  is  possible  to  progress 
further  in  that  direction,  mainly  because  much  of  the  complicated  physical  behavior  is  effectively  swept  under 
the  rug  and  presented  in  global  approximation.  When  the  details  of,  say,  droplet  dynamics  arc  treated,  only 
numerical  results  can  be  obtained. 

In  one  form  or  other  much  of  the  physical  behavior  is  common  to  all  liquid-fuolfcd  systems.  The  different  kinds 
of  devices  are  distinguished  either  by  geometricul  configuration  or  by  the  ways  in  which  reectonts  are  introduced 
in  the  chamber.  Thus  the  material  covered  in  Sections  2-4  has  a  strongly  unifying  character:  specific  examples 
are  called  upon  mainly  to  clurify  ideas  or  to  show  typical  results.  In  Section  5,  special  coses  of  combustion 
instabilities  are  discussed  at  some  length  to  emphasize  both  the  similarities  and  differences  among  the  three 
clusses  of  systems. 

The  prevalence  of  combustion  instabilities  has  motivated  efforts  to  develop  “cures"  or  methods  of  limiting 
•lie  amplitudes  to  acceptable  values.  It  seems  that  oil  successful  applications  to  operational  systems  have  been 
based  on  passive  devices.  The  use  of  baffles,  acoustic  linen  or  resonant  cavities  -  oecasionolly  all  three  in  the 
same  engine  -  has  become  commonplace,  especially  in  liquid  rockets.  If  the  geometry  permits  installation,  adding 
a  device  of  this  sort  can  be  an  effective  strategy.  There  ore  mainly  two  reasons  they  work:  1)  by  shifting  the 
frequencies  of  permitted  oscillations  out  of  the  range  where  unsteady  energy  transfer  to  the  nodes  is  strongest: 
and  2)  by  direct  attenuation  of  the  motions,  primarily  due  to  the  action  of  viscous  stress'  s. 

During  the  post  several  years,  interest  has  grown  In  the  possibilities  for  active  control  of  combustion  in¬ 
stabilities.  The  idea  is  not  new,  dating  back  to  the  late  1940's  at  least,  but  developments  of  lightweight  fast 
computers  and  better  sensors  moke  active  control  an  attractive  alternative  to  passive  control.  Both  subjects  are 
discussed  briefly  in  Section  6. 

Tills  canuot  be  a  thorough  review  of  the  subject.  In  particular  we  do  not  explicitly  treat  design  issues  such 
as  types  of  Injectors,  rationale  for  choices  of  particular  passive  damping  devices  and  stability  rating  of  chambers. 
Some  aspects  are  quite  well  known  from  experience  with  liquid  rockets  especially  but  much  work  remains  to  treat 
satisfactorily  contemporary  systems  operating  at  higher  pressures  with  hydrocarbon  fuels. 

The  list  of  references  is  divided  for  convenience  into  four  groups  dealing  with  rockets:  ramjet  engines:  throat 
augmentois:  and  paaslve  and  active  control.  I  do  not  claim  completeness  and  tliere  is  unavoidably  some  overlap, 
but  each  reference  is  entered  In  only  one  group,  Also,  not  all  references  in  the  list  are  cited  in  the  text.  That  is 
not  a  matter  of  value  judgement,  but  follow*  from  the  need  to  curb  the  length  of  the  text. 

I  am  especially  Indebted  to  the  fellowiug  people  who  aided  me  early  In  this  effort  by  providing  me  with  lists 
of  references,  and  in  some  cases  copies  of  papers  and  reports:  Professor  A.  Acosta,  Caltech;  Dr.  Paul  Kuentg- 
mantt,  ONERAi  Dr.  P.V.  Dang,  Rockwell  international,  Rocketdyne  Division;  Professor  C.E.  Mitchell,  Colorado 
State  University;  Dr.  T.V.  Nguyen,  Aerojet  TccliSystems  Company:  Professor  F.H.  Reardon,  Sacramento  State 
University;  Dr.  Klaus  Sehadow  of  the  Naval  Weapons  Center:  Mr,  A.A.  Shabayek,  Sverdrup  Technology,  hie.: 
Professor  V.  Yang,  Pennsylvania  Stale  University:  and  Professor  B.T.  Zinn  of  Georgia  Itch.  Mow.  Jean  Ander¬ 
son  and  Pal  Cladsoo  of  the  Caltech  Aeronautical  Library  have  been  most  helpful  locating  references  and  ntaklng 
copies. 

1  have  tried  to  give  a  fair  coverage  of  the  subject  of  combustion  instabilities  in  liquid-fueled  eombusllon 
systems  based  on  the  literature  available  to  be  me.  1  shall  greatly  appreciate  receiving  copies  of  works  that  1 
have  not  Included  la  this  survey, 

3,  SOME  GENERAL  FEATURES  OF  COMBUSTION 
INSTABILITIES  AND  THE  THEORETICAL  FOUNDATIONS 

Probably  the  most  important  fundamental  characteristic  of  combustion  bistabilities  is  that  in  first  approx¬ 
imation  they  may  be  viewed  aa  perturbations  of  classical  acoustical  motions.  The  ehlef  perturbations  are  due 
to  the  combustion  processes:  tire  associated  mean  flow;  and  the  boundary  conditions  imposed  at  the  inlet  oral 
exhaust.  It  is  a  very  robust  approximation  indeed.  Often  oue  may  ignore  apparently  significant  processes  sud 
still  obtain  remarkably  good  results  for  some  of  the  Amiatwr  features. 


For  example,  if  the  average  temperature,  and  therefore  speed  of  sound  a  of  the  chamber  gases  is  known,  close 
estimates  for  frequencies  of  allowable  wave  modes  may  often  be  had  by  simply  dividing  a  by  integral  multiples 
of  the  length  or  diameter.  Values  within  10%  or  so  of  observed  oscillations,  and  good  approximations  to  the 
mode  structures,  can  be  obtained  by  numerical  solution  to  the  unperturbed  classical  acoustics  problem  solved 
for  the  same  geometry  as  the  combustion  chamber. ’That  conclusion  often  remains  valid  even  when  subtantial 
amounts  of  a  condensed  phase  are  present  in  the  chamber  or  when  the  mean  flow  field  is  highly  non-uniform  os 
happens  when  flow  separation  occurs.  Large  spatial  variations  of  temperature  can  be  more  significant  because 
the  speed  of  sound  then  is  non-uniform;  even  so,  an  averaged  value  may  serve  quite  well.  The  approximation  of 
classical  acoustics  also  deteriorates  if  the  Mach  number  of'thc  average  flow  is  larger  than  roughly  0.4,  for  then 
the  Doppler  effect  and  refraction  may  cause  substantial  distortions  of  the  acoustic  field. 

One  reason  for  emphasizing  the  surprising  confidence  that  ono  may  place  in  the  classical  acoustics  approxi¬ 
mation  is  that  the  idea  seems  to  extend  to  many  aspects  of  nonlinear  behavior  as  well.  For  example,  recent  work, 
mainly  for  application  to  liquid-fueled  ramjets  and  solid  propellent  rockets,  suggests  that  under  broad  conditions 
the  existence  of  limit  cycles  can  be  explained  on  the  basis  of  nonlinear  g&sdvnamics,  with  other  processes  affecting 
mainly  detnils. 

The  emphasis  on  classical  acoustics  has  been  successful  and  will  be  followed  throughout  this  work,  hccause 
the  main  departures,  while  crucial  in  defining  the  real  problems,  arc  often  small  perturbations  in  some  sense. 
The  mean  flow  Mach  number  is  generally  not  large  over  most  of  the  combustion  chamber.  Even  though  the  mass 
fraction  of  liquid  may  bo  substantial,  the  volume  fraction  remains  small  on  average.  As  a  result,  the  elasticity 
of  the  multi-phase  mixture  is  dominated  by  the  gases,  while  the  inertia  is  a  mass-weighted  average  of  the  gas 
and  liquid  phases.  The  boundary  conditions  provided  by  tho  propellant  supply  system  and  the  exhaust  nozzle 
may  be  significantly  different  from  the  condition  for  a  rigid  wall  but  those  influences  are  easily  accounted  for 
by  introducing  appropriate  impedance  or  admittance  functions.  And  ns  we  remarked  in  the  introduction,  the 
amount  of  energy  possessed  by  the  unsteady  motions  is  a  small  part  of  the  total  chemical  energy  released  and 
converted  to  average  mechanical  energy  of  the  flow. 

We  therefore  always  seek  a  theoretical  formulation  that  in  an  obvious  fashion,  when  all  perturbations  vanish, 
reduces  to  a  representation  of  classical  waves  in  an  enclosure.  This  strategy  allows  construction  of  a  theoretical 
framework  accommodating  all  types  of  propulsion  systems, 

It  is  of  course  the  geometry  and  the  perturbations  that  define  the  actual  physical  situations  ami  distinguish 
one  system  from  another.  The  geometry  eauses  technical  difficuRies-aolvmg  equations  in  peculiarly-shaped 
volumes  ■  and  sets  the  spectrum  of  allowed  oscillations.  But  geometry  alone  does  uot  pose  any  fundamental 
problems,  nor  does  It  contain  explanations  of  the  instabilities.  By  far  the  greater  part  of  research  on  combustion 
instabilities  must  therefore  be  spent  on  the  perturbations  of  classical  linear  acoustics,  «qwchdly  directed  to 
understanding  the  physical  mechanisms  responsible  for  the  instabilities  and  their  nonlinear  behavior, 

It  is  a  consequence  of  this  point  of  view  that  combustion  instabilities  in  the  three  kinds  of  propulsion  systems 
are  profitably  considered  together.  Much  is  to  be  gained  by  regarding  individual  examples  as  special  cases  of  a 
general  formulation  such  as  that  summarized  in  the  following  sections, 

3.1  Conservation  Equations 

The  state-oMhe-arl  for  experiment  and  analysis  of  combustion  instabilities  in  liquid  rockets  as  of  (roughly) 
10711  was  summarised  in  the  thorough  reference  volume  edited  by  llatrje  and  Reardon  t  I9T3),  A  computet 
program,  AUTOCOM  (Relehet  et  al  (1973,  !i)T4)|  essentially  eaptured  the  main  procedures  rommoaly  used  at 
that  time  in  the  U.S.  for  treating  combustion  instabilities  in  liquid  rocket*.  That  program  wa»  rewritten,  for 
running  on  later  e«mpt;‘.er»,  by  Nickerson  and  Nguyen  (1984a.  1984b),  but  the  formulation  aud  physical  hash 
renudited  without  change.  Currently,  extensive  work  Is  being  eairied  out  In  the  U.S.  by  the  Aerojet  Tunica! 
Systems  Co.  |F'ung(  1984a,  1984b.  W8?)s  Fhn*  and  Jones  (1984);  Muss  and  Pipper  ( 1087, 1988k  Nguyen  119*8); 
Nguyen  and  Muss  (19$?);  and  Pieper  and  Ftutg  ( 1939)};  and  by  Rockwell  International  (Liang  et  td  (1989. 1987, 
19SS)),  Phlllppart  (198?)  and  Pldlippert  and  M«ser(19S8)  have  reported  some  numerical  results  obtained  with 
these  computer  programs,  but  without  discussion  of  the  physical  basis  for  the  formulations. 

Following  the  failure  during  (light  td  the  Viking  motor,  due  to  combustion  instability  (Souchler  et  al  (1683)}, 
a  continuing  research  program  has  been  in  progress  for  sever;  years  in  Flume,  Some  of  the  results  have  been 
reported  by  Sehmltt  and  Luurnvc  (1983).  Hablballah  et  al  (1984,  1983,  198$)  and  by  Lourmeet  al  (1983, 19$t, 
1983,  1989). 

All  of  liaise  works  begin  with  essentially  the  same  physical  basis,  a  compressible  gaseous  medium  containing 
a  liquid  phase.  Major  differences  arise  in  the  representation  of  tire  mass  and  energy  sources  aud  in  the  analysis 
frdlmwd  to  obtain  solutions,  We  sltall  discuss  these  matters  later.  Hete  we  are  concerned  only  with  the  broad 
character  of  the  general  formulation.  In  analysis  of  liquid  rockets,  particular  emphasis  is  placed  on  the  behavior 
of  the  liquid  phase  and  the  interactions  between  the  liquid  and  gas  phases,  matters  that  ate  common  to  all  liquid, 
fueled  systems.  The  average  flow  field  la  relatively  simple  compared  with  the  circumstances  In  ramjet  engines 
and  augmentors,  Because  the  flow  of  oxidising  gas  and  fiow  separation  are  Important  feature*  In  those  systems, 
analysis  of  combustion  toalabllittea  has  additional  complications.  We  defer  discuision  of  the***  phenomena  and 
begin  hero  with  a  simplified  formulation  of  the  problem  tar  liquid  rockets;  most  of  the  results  wilt  be  applicable 
to  ramjet  engine*  and  thrust  augmentott  as  wet). 

We  assume  that  the  medium  in  the  chamber  consist  s  of  reactant  gases,  liquid  otriditet  and  fete),  and  gaseous 
products  of  combustion.  Condensed  products  of  combustion  (eg.  soot)  may  also  farm  and  can  be  accommodated 
Hr  analysis  of  unsteady  motions  many  of  the  details  uscnsary  to  a  successful  description  of  the  steady  flow  can 
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be  approximated  or  neglected.  To  simplify,  the  representation,  we  tteat  a  two-phase  mixture,  a  mass  average  gns 
comprising  all  species,  identified  by  subscript  (  ),  and  a  single  mass-averaged  liquid  phase  identified  by  subscript 
(  )r-  A  proper  analysis  must  account  for  the  differences  between  fuel  and  oxidizer  and  for  the  broad  range  o t 
sizes  of  liquid  drops,  streams  or  sheets.  We  shall  not  treat  those  matters  here. 

The  conservation  equations  for  three-dimensional  motions  are 

masKgas)  ^  +  V(p,u,)  =  u),  (2.1) 


mass(  liquid) 


dp, 

Ot 


+  V-(pitu)  =  -wi 


(2.2) 


0 

momentum  gj(fsus  +  +  ^ ' (p*u#ut  +  Wrifft)  +  Vji  ■=  V  ■  r„  (2.3) 


0 

energy  Tjjip,*,*  +  ptto.l  +  V  (p,u,«,.  +  piui/iio)  +  V  -(pu,)  =  Q  +  Vq  (2.4) 

The  viscous  stress  tensor  and  heat  ftux  vector  (conduction)  are  represented  by  r",  and  if;  Q  is  the  energy 
released  by  homogeneous  reactions  in  the  gas  phase  (energy /sec.-vol.)  and  uq  Is  the  rate  of  conversion,  liquid 
to  gas  (uiass/see.-vol).  Note  that  pi  is  the  liq'tid  density,  mass  per  unit  volume  of  chamber,  not  the  material 
density.  The  velocities  t?t.  fi)  are  mass-averaged  values. 

Equation*  (2.1)  -  (2.4)  form  esseutially  the  system  used  in  early  work,  e.g.  Crocco  and  Cheng  ( 1956),  Croceo 
(1065),  and  llairje  aud  Reardon  f  1072),  and  a»  the  basis  for  mo*t  of  the  analysis  incorporated  in  the  eotnpuiei 
program  AUTOCOM.  With  tlie  notable  exception  of  the  FVeneh  work  referred  to  above,  most  eutteut  week  still 
does  not  account  tor  different  specie*  exptielity  in  the  conservation  equation*  or  for  the  manner  In  which  liquid 
may  lie  distributed  among  streams,  sheets  and  droplet  sizes.  Tltat  does  not  mean  that  sueh  cottipHeatiuris  are 
simply  ignored,  U  tuu>  long  been  eommon  practice  to  accommodate  «neh  details  In  analysis  of  the  motion  of 
the  liquid  aud  in  the  n  presentations  of  the  steady  am)  unsteady  sonrees  of  was*  and  energy.  Titus  rather  fine 
distinctions  between  s'.mtems  may  appear  in  numerical  result*.  Kit  the  purpose*  here  a  more  Wotted  view  t> 
adequate  to  understai,d  the  main  global  behavior, 

Tlte  momentum  ami  energy  equations  (33)  and  (3,4)  are  correetly  written  in  the  first  instance  tot  tto* 
ctinibined  gas  aud  liquid  phases.  Separate  momentum  equation*  are  obtained  by  defining  the  tone  of  inter  actaut, 
Pi,  between  the  gas  And  liquid. 


*«rrW,i  12,3! 

and  the  beat  added  to  the  gas  by  beat  transfer  between  the  phase*,  vaporisation.  and  chemical  reaction, 

-?W  (361 

The  enthalpy,  it;  of  rite  liquid  Includes  the  heat  release  associated  with  tbe  trasstormsthm  of  liquid  to  ga* 
Note  that  t)  and  iJi  are  feree  and  energy  per  twit  volume  of  chamber  Thu*  f)  l*  the  drag  force  acting  on 
rhe  average  droplet  time*  the  number  drefdet*  per  unit  volume  of  chamber.  With  some  leair'wgymetd.  the 
ittowestiuw  and  energy  equation*  can  be  wtiltets 

**«  e  Vp *V-M^ (if,  - mV,  '  fUl 

*6*^ * W, * pV > ^ s<J * Q, * Vf* * 

♦{ft* -#«,**  . 

4  d,- (if,- «*|wi  +  («e  =  <*,)#« 

where  4  U  the  dissipation  fuoettea;  iu  specific  definition  is  unimportant  hete>  . 

Equations  (3.1),  t3.2)  and  (3  J)  ate  the  equations  of  motion  tor  the  gas  phase-,  and  (3,3)  (33)  and  (26)  we 
thooe  tor  the  liquid  phase.  Within  rius  formulation.  squaiior*  (3  5)  nod  (16)  govern  the  motten  of  the  ‘atwagp 
droplet*.  H  hditteult  to  im  this -approach  in  regions  where  the  liquid  is  still  touting  a*  a  sireaw  ot  short;  u. 
practice,  calculations  are  canted  out  only  to*  droplet  cloud?,  Tb  determine  the  mottewr,  one  natrt  specif  Pi 
and  Qi.  That's  a  fairly  easy  prublcw  for  slow  motion*  of  nonrenctive  pmltete*;  sefutfon  giom  n  fomihat  tomtit 
for  the  ailmuatiou  of  arvurtk  wave*  by  gw/pmtkte  InUtaciiorw  jimr.  foe  Msnqdr,  Eprtcin  and  Calhait  (1963), 
Ttsnhin  and  Dobbins  (1966);  and  Marble  (I9J10),  Culkh  (If®,  I9r6« 

The  neat  wore  difficult  problems  invoice  droplets  that  m  tapotiitsg  ur  tooimoag.  Ihaginaisyt  in  the 
1960  s  vapor  lotion  received  serious  attention  as  a  powibte  contributfou  to  driving  instabilities,  iwfcpendtnily  d 
wrnbustiom  ptocvnees  We  shall  diacuii  the  rnattet  further  in  Sectte»ns  3  and -h 


If  droplets  are  dispersed  in  the  gas,  the  momentum  and  energy  equations  may  be  written  in  the  mote 
eonvenieut  fotm  involving  the  mass-averaged  properties  of  the  two-phase  mixture: 


^~dt  +  *****  ^“r  +  ^  =  ^  '  r  *  +  "t  +  “»  ' 


+  “»  ■  VTf)  +  pV  ■  if,  =>  Q  +  SQi  +  V  •  q  +  <h  +  (7>i.  -  h»)u>j 


-  uf  •  du|W|  +  4uj  •  fi 


if|  *=  +  W|  '  Vfff  +  u,  ■  Viu,]  t2.lt) 

4Qt  a  +  ptiui  •  VISA,  +  ■  V(CiT)  +  Uj,  ■  VAA(|  (2-121 

and  i«i  r~  u'i  -  uJt  4Ai  w  hj  -  C|J‘  The  deusity  of  the  mixture  is 

P  =  P»  +  Pi  =  p,(t  +  C‘,,1  (2  13! 

and  C„,  ~  i'll  ft  i»  the  mass  fraettou  of  liquid 

The  mass  weighted  speeiSe  heats  fix  the  mixture  ate  ilefinetl  in  the  usual  fadviuu  [MwUIe\  19C9)|. 

,,  Cf+CutP t.  ft  Cf+Cm f-1  .... 

r-*“iTc~:Cv-ir cr  (3Hf 

N\m  a44  \\  fr  Cm\Y  tuu«»  cqiuMtinti*  (2-U  tui4  l 2.2)  »u  \fC\  tuure  ft.  Hi)  u\  tu*l  a#  ^Urttuxv  k*  iW 

§  *  if  vp+  •  ti,  *  £jq  *  t(t»  *  v  i e  ♦  +  M  sJ  l4r 

a  if,  \b4  =-iSVlu-»  +  th(,4  -  t alter  P,'^?  (pu!a,! 

We  anomie  that  the  petfwi  aa»  law  U  udtd.  p  s=  where  ft  i*  the  ea*  «e»<t«P  N  the  gao™  txtlx,  hu 

the  mixture,  ft  -?  (\  -  ft.  t  w  <%/C»  awl 

P  --•  ftpT,  I?  ** 

"the  premia?#  maittpuiaHutv*  hat*  nts^tM  'he  forts?*  «f  the  equat:??#??  that  amwttis  im.  «»  preset**-  *4 

hquelhut  ate  meat  spptaprtat*  ha  wfcet*  the  tints  t*  treat!)  um&Ktt,  »*»<»  P  a{>ptM»<ttfeateff 

throsieheatt  the  sh.and.et  that  t?  true-  a*  a  .-t&d  ptt-jwSatvt  asMi  M  *Wk  thew  equena-sa  ».*■(* 

dettrvd.  atvrf  eertate!);-  ftut  **ue  ha  ll*tuS*M-*s4ed  Bw  e?*at  tfewr&b  P#  tuaj-  tw»  eriMgesWly 

the  mas*  aH'tased  I her  these  fptetttpe  ju-q-etia:'*  ate  hrx  gteatl)  adhered  IVV  >ka*s  us#  ei^tstiea??  i  f?  It  ?  ?  3 '  <V-  v-,i 

elsh.it  at  ex?  *sf  the  jaasrWe.  to.ae*”a»wiarie,  (tea'  aapeatat?*  ?wt5uerj'iefs-‘tt »?  tka?  the'  &«w«t«erS  hstutiesS  e>?e 
a  Qmd  fttat  apymtauMWt  «*»  ih*'  »j*-vd  aeaw!  *««*utltitsg  far  tWa  preaewy  ,»4  hiftah  . 


-  v  «e,  1 


ttiit  4»s^f  ilwf-  iW  ^ 

fy.-  jjjif' r ^ )r>f  * Itip'  ££*  'i  \ ^  (a4%4 

Vh  SI  *  CV^ 

VV*-  Wf^«‘  tr(<5^s^fioi^i-  ifa  Pi  tipi*  '«»* 

lSa*p  jliU  9*4  *W  «»w4  **>#*!'$$  r«^wA)HR> 

villh  itr  ota 

-  .  ■&  *if,  Vp«tV  1?  5*5 

r*^  *  ipij  Vd5r*  -Vp  *  f  »?ISW 

S3? 


fW  the-  «WM&t«Nte*  Mewled  d«a*: 


g  »  apV"  -  s  f?p  *P . 


n  -  -pV-^»v 


/  3  V  ■  V,  *  4#j  a  fwj?er 


(2.23) 


*>  =  ^'W  +  &Ql  +  v  •  f  +  <U|  ■  /|  +  {(A|  -  *)  +  |(ffft),}“’l  -  C,Tt  ■  (Pi6ui)l 

Equations  (2.18)-(2.20)  uc  suitable  for  two- and  three-  dimensional  problems.  There  are  many  important 
case*  of  nearly  pure  axial  or  longitudinal  motions  arising  in  all  three  types  of  systems.  A  perfectly  serviceable 
analysis  may  then  be  constructed  using  the  one- dimensional  approximation  obtained  by  replacing  u,  by  ut, 
the  axial  component  of  velocity;  u,  •  V  by  u,jp  and  V  •  (  )  by  ^  $(Se  )  where  Se  is  the  cross-section  area. 
Equations  (2.18)-(2.20)  then  become 

S+“.|=w<  i**> 

0^  +  P«t%  =  -^  +  ^  (2-25) 

|  +  (2.26) 

where  W|.  F\ .  P>  are  (2.21M2.23)  writteu  for  one- dimensional  motions  according  to  the  rules  given  above. 

2.3  Formulation  of  aj  Approximate  Analysis 

With  the  remd  developments  in  high- speed  computers,  serious  consideration  must  now  he  given  loexteusive 
numerical  analysis  of  internal  Sows  and  combustion  instabilities  based  on  the  complete  eqqatiotts  of  motion.  That 
is  a  formidable  task;  it  appears  that  the  most  extensive  program  of  that  sort  i*  being  pursued  In  FVance,  Wwk  in 
the  V  S.,  including  the  computer  program  AUTOCOM  jReichrd  et  al  (19T3, 19T4)  and  the  later  version  wtitten 
by  Nickerson  and  Nguyen  ( 1984a,  1984b)]  ha*  Wen  based  on  approximations  to  the  equation*  explicitly  ignoring, 
for  example,  possible  influence*  of  turbulence  on  the  motions  of  liquid  drops.  Especially,  approximations  to  the 
crucial  source  term*  we  generally  based  on  models  that  we  founded  on  heurixtle  reasoning.  A*  a  result,  much 
tehance  must  be  placed  on  cerrelaiiun*  of  data  It  is  the  nature  of  (k>ws  In  combustion  chamber*  that,  due  to  the 
complicated  gwdyttamies  and  chemistry,  all  theoretical  work  must  eventually  make  use  of  experimental  results- 
Thus  it  is  fundamental  to  the  subject  that  an  approximate  analysis  be  carefully  formulated  and  understood 
We  conum  here  review  all  analyses  that  have  been  constructed.  Rather  we  shall  d«vek»p  a  fairly  general  form 
to  use  as  a  framework  for  discussing  patikniar  results.  To  simplify  the  calculations  at  ibis  putnt,  we  shall  not 
display  the  detail*  el  the  source  term*  IV,  /  and  "P  itt  e^uaifcx#  i  j.lSh  (2  2ft) 

VVrtte  all  dependent  variables  a*  sums  of  mean  and  fluctuating  parts,  p  -*  jt  *  j»\  «»*•  We  assume  that 
average  values  do  not  vary  In  time,  That  assumption  ix  sceaniunatly  violated  in  actual  sysretas  but  we  shall  not 
elaborate  here, To  second  sutler  in  the  fluctuations,  equations  (249)  and  (3,20)  are 

*  \?p' «  *  ?t  -  vi.) = v  *  /  -  1351) 

The  mean  vetecriy  varies  in  the  chamber.  but  t.is  average  ptetawe  ri  takes  to  W>  untfouw  That  atswsMrd 
to  a*o*a*g  that  the  »v«t*p>  M*eb  tetmfeet  i*  relatively  small.  *  tfsttfetiee  commonly  viedated  in  ptactwe 
Wts  Mach  numhers  c ante  rptasrit stive  ««***« t*s>  but  do  net  tu*»od<wc>  fut>d»B»»t«l  cfeangye  of  Whatsr  TV' 
etptaib*.*  cos  costly  !*>  ewtemfod  to  stave*  Sows  at  high  Mwk  unudwra 

itpuftmi  till]  usd  (33S)  cstjssfo  the  «u  depsudeW  awfoUat  |f4  f f,  V  and  (tn*  vefecrity  SHttpctfletda. 
A  wtjgftent  m  is  obtained  fa*  itsdsdiag  the  ptutttel  forts*  v4  the  emamttay  espuuatt  (3.18)  and  the  tspaWMi 
<4  stain  (3 

|» * .»»*  '  am 

iiS5? 

-  hfa*y  wot  ta  has*  face*  bawd  os  vhriios*  t  a  the  rofm&m  as  wrapss.foae.  But  t  V  priroar  y  ssnsrtws  of  tofoMMia'* 
about  eonforftWsn  is*»*biWt  are  masgaMah*  afl  ffo»  ttawh  *» gvwd  fay-  forttifoi  a  ww»e  atgraafox  foe 

p\  IriAsvtaUaie  With  resgssit  to  UM*  and  wdwtrtwte  (Ilf)  fe*  V  had 

VV“p|jjr=*  ’  (4:34) ' 

•hrSe  ri’  vs  *»  soartfaat  sad 
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+v ■  ?  -  C :T  (2.32) 

Boundary  conditions  set  on  the  gradient  of  p'  are  four  d  by  taking  the  scalar  product  of  the  outward  normal 
vector  with  equation  (2.27) 

n  •  Vp'  =  -/  (2.33) 


/  =  p-fif  ' «  +  p(u}  •  Vt?  +  u,  Vuj)  •  n 

St?  (234) 

+  ^(5^  ■  Vt^)-n  +p‘-ft  -n  -  f"  ■  n 

If  all  perturbations  are  absent,  functions  h  and  /  vanish,  and  we  recover  the  wave  equation  for  the  pressure 
in  classical  acoustics  with  the  boundary  condition  for  a  rigid  wall,  n  •  Vp'  =  0.  We  shall  base  our  discussion  on 
that  case  as  *he  zeroth  approximation.  There  may  be  dicumatances  when  a  different  choice  is  more  effective-  e.g. 
if  the  average  Mach  number  is  high  and  the  influence  the  cxh'ust  nozzle  on  th*  wave  motions  is  substanth‘1* 
-  but  it  is  good  enough  here  to  assume  this  limiting  case.  The  general  solution  to  the  unperturhed  problems  can 
be  written  as  a  superposition  of  the  normal  modes  i/>n(r)  satisfying  the  equations. 

VVn  +  kl$u  =  0 

(2.35 )n, b 

h  •  V0„  a  0  v  ; 

where  fc„  is  the  wavenumber,  related  f  *  ;  e  frequency  by 


For  three-dimensional  problems,  n  stands  for  three  indices. 

The  allowed  values  < f  the  wavenumbers  and  the  mode  shapes  yn  are  determined  entirely  by  the  geometry  of 
the  chamber.  These  ded.-  the  classical  acoustic  nodes  which,  when  perturbed,  become  the  most  common  kind 
of  combustion  instabili-.  -s.  Purely  longitudinal  modes  are  represented  by 


=  cos(fcj;  l 


(2.37 )«, 


and  the  cyclic  frequencies  arc  integral  multiples  of  the  fundamental,  jx  ~  vt\f*2n  =  «/2b.  Tills  is  the  result  for  a 
chamber  closed  at  both  ads,  probably  the  most  common  case  in  propulsion  systems. 

For  a  cyhndrical  chamber  of  radius  R ,  the  mode  shapes  and  natural  frequencies  me 


4'im n  -  cmkii  J„(Kmnr)  |  * 


and  the  kmh  are  the  roots  of 


« 0  15.31)1 

fir 

r*H 

Both  (2.37)n  mid  (2.38)a  represent  standing  waves;  representation*  of  tin;  eutresoonduig  traveling  wave,  are 
easily  constructed, 

These  results  tire  the  xernth  approximations  io  the  majority  of  eotnhusttott  instabilities  oiorrv.sl  it,  ptartirnl 
systems.  Longitudinal  nodes  generally  fall  in  the  lower  frequency  range  below  t-'ikMe  and  ate  font,*  in  all  three 
types  of  engines.  The  geometries  of  ramjet  engines  and  ntigmetdors  eause  distortion.  of  tlie  mode  shape.  ft»tti 
the  simple  result  (2.3T)a,  but  (lie  essential  idea  rettiaiiut,  We  discuss  in  Section  5,3,3  how  mode  eitapea  and 
frequencies  tiro  composed  for  those  cases. 

tor  a  cylindrical  chamber,  equations  (2,38)n,b  are  usually  g  wi  approximation?  to  the  high  frequency  in-ta 
hilities  Staving  frequor  lea  as  high  ns  10-20  kH#  and  higiter.  Although  mixed  modes  with  I  i  0  (i.e.  having  axial 
distributions)  occur,  moro  commonly  found  are  purely  ,  :.nentinl  or  ayittmlhal  modes  (  m  o,  n  ■/  01.  pntel; 
radial  modes  (stfO.iia  0);  or  condtinations  when  in,  «  are  both  n«ti-*ero.  broadly  “ailed  trait  .verse  rtttuW 
These  modes  are  the  basis  for  the  instabilities  called  ‘screeching’;  the  most  totmnou  motle  has  btsen  tlte  'tits! 
langetittal’  for  which  the  classical  mode  shape  Is  d|(sitr)sttt9  or  dt**i,.r)msfl). 

Eqimtions  (2.30)n,b  do  not  contain  tlie  important  ease  having  the  lowest  frequencies  mmrottdv  called  ‘elotg 
gittg’,  a  bulk  or  HelmholU  ttode.  Titat  corres(K>uds  to  tlte  tadtdimt  fc„  «  0,  hm  exists  only  became  thete  t.  either 

•  Two  axatnplei  •-«  th»  Mtslyw  sad  «tp#rlra«nt»  tor  •  amall  liquid  rorktt  by  Crates.  Otvy,  sad  Hatfja  (twkf)  sad  f«»  a  retdi 
laboratory  rsrojtt  contbutior  by  Inward  ant,  Poituol  and  Caartai  (tS*d),  Ttva  ratulta  ara  eat  ttrtarpmad  in  las  taattia*  ra**wtW 
iwra  becauw  noaais  itaUM  a  lar«a  (raquaacy  thift,  A  nor*  wturaU  etsaca  muit  ha  mad*  far  tit*  wadi  erdaf  aypuasarsta*. 
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p  perturbation  in  the  volume  or,  usually,  at  the  ooundary,  so  n  •  V4>„  £  0.  When  found  in  liquid  rockets,  those 
modes  have  often  been  referred  to  as  low  frequent}  instabilities  [e.g.  Harrje  and  Reardon  (1972)].  It  may  happen 
also,  as  in  ramjets,  that  a  portion  of  the  system  may  oscillate  in  a  bulk  node,  while  part  exhibits  a  wave  behavior 
•  the  frequency  is  of  course  the  same  throughout. 

The  main  point  here  is  that  the  classical  unporvirb-  d  modef  described  by  equations  (2.35)a,b  really  are  good 
approximations  to  a  large  proportion  of  observed  combustion  instabilities.  The  results  (2.37)a,b  and  (2.38)a,b  are 
the  two  most  important  special  case*  for  actual  systems  but  in  general  (2.35)a,b  must  be  solved  for  the  actual 
geometry.  That  is  now  a  routine  matter  of  numerical  analysis  and  we  may  simply  assume  that  for  whatever 
system  w  e  wish  to  study,  the  natural  node  shapes  Vnfr)  and  frequencies  un  ore  known. 

The  practical  question  is:  how  do  the  processes  represented  by  She  functions  h  and  /,  equations  (2.32)  and 
(2.34),  affect  the  mode  shapes  and  frequencies  t  In  fact,  the  details  of  the  mode  shapes  are  of  less  interest 
because  the  changes  am  relab  vely  small.  Central  to  the  problem  of  linear  stability  are  the  frequencies,  which 
become  complex  quantitites:  the  imaginary  part  is  the  growth  or  decay  rate  of  the  corresponding  mode.  For 
nonlinear  behavior  tho  main  questions  concern  the  conditions  under  which  periodic  limit  cycles  exist,  what  the 
amplitudes  are,  and  how  their  characteristics  are  influenced  by  linear  processes.  The  approximate  analysis  we 
now  construct  is  a  basis  for  examining  both  linear  and  nonlinear  behavior,  The  method  amounts  to  comparing 
the  unperturbed  problem,  for  which  Ji  and  /  vanish,  with  the  actual  problem  to  bo  analysed  (  h,  /  /  0). 

Multiply  equution  (2.31)  by  0,,  '2.35)a  by  p\  subtract  the  results,  and  Integrate  over  the  chamber: 

/(tf’.VV  -  p’W.ldV -~J  <l>*^dv  -klj  p^.dV  m  J  hdV 

Apply  Tiroen’i  theorem  to  the  left  hand  side,  substitute  the  boundary  conditions  (2,33)  and  (2.35)b  and  re-arrange 
the  terms  to  give 

j <l>.P'dV  =  J*nhdV  +  jf\fdS  (2.40) 

Wo  now  '.use  a  form  of  the  method  of  least  residuals,  essentially  a  form  of  Galerkin’s  method.  This  approach 
was  first  applied  to  eombustion  instabilities  in  liquid  rockets  by  Zina  aud  I’owell  (1968,  1970),  Independently, 
essentially  the  same  idea  was  worked  out  for  solid  propellant  rockets  by  Coliek  (1971,  1975,  1976),  the  basis  for 
the  discussion  here.  The  unsteady  pressure  field  is  expressed  as  a  synthesis  of  the  normal  modes  i (>«,(?)  wit) 
time-varying  amplitudes  <)«,((): 


p'(r.t)  r  (2.41) 

Correspondingly,  the  velocity  field  t*  written 

0V.  (2.42) 

Teitn  by  ierm  these  series  satisfy  the  perturbed  problem,  equation*  (2,31)  and  (3.33)  with  h  a  /  «  0,  providing 
the  amplitude*  satisfy 


tj«  4-w^qat  w  0  (3.43) 

where  wj,  s  hHJ,.  Thus  q„  “»  ami  we  recover  the  correct  representation  of  natural  mode*. 

Obviously  (3.41)  and  (2.-42)  are  nm  exact  representation*  of  itie  actual  fieltl*.  for  the  rw  '4  boundary 
conditions  are  not  satisfied,  Equation  (2,41)  give*  it  -  t?y*  m  0  because  alt  Pw  satisfy  (2.33 )b,  Owsequently. 
(3,4))  and  (3-43)  do  nut  accurately  reproduce  the  spatial  structure  of  the  unsteady  motions  near  the  boundary 
Ute  errors  are  small  if  h  t.-d  f  are  small  and  because  of  the  spatial  averaging,  the  equations  found  for  the 
amplitude*  qwf  t)  will  provide  %  satisfactory  basis  for  studying  teal  problems, 

The  set  of  normal  mode*  can  be  constructed  so  the  t»(e)  are  orthogonal: 


j  tP^th,dl/  a  ^f*ii 

s*  j  t)Jdv 


(3.44  )u,  4 


Substitute  (3-41)  in  the  left  hand  side  of  (2,40)  and  me  the  orthogonality  property  (3  44 hub  to  find  the  system 
of  equations  foe  the  amplitude*: 


-dth 


(3.«) 


the  csawpoadhqt  remit*  fa*  orwdnuctu*4tal  problem*  aw 


(3,46) 

(t4Tj 


(2.45) 


following  the  expansions  for  the  acoustic  field 


p'(z,  t )  = 


OQ 


p^tjCOtM2) 

j=l 


u\z,  t)  = 


sp  ij  <P/>j(z) 

h  dz 


Orthogonality  is  expressed  as 


(2.49)a,4 


(2.50)a,4 


Three  points  must  be  emphasized: 

i. )  Although  the  unsteady  field  has  been  synthesized  of  the  mode  shapes  for  standing  waves,  solutions  to 

equations  (2.45)  and  (2.47)  may  be  used  to  represent  standing  waves  with  energy  losses  or  gains,  traveling 
waves,  and  discrete  wave  motions  or  pulses; 

li.)  The  forcing  functions  Fn  and  Ft  ore  nonlinear  functions  of  the  pressure  and  velocity  fluctuations,  so  (2.45) 
and  (2.47)  are  sets  of  coupled  nonlinear  ordinary  differential  equations; 

ii. )  Many  interesting  one-dimensional  problems  involve  piecewise  representation  of  the  acoustic  field  due  to 

abruptly  nonuniform  distributions  of  cross-section  area.  The  formulation  (2.47)-(2.50)  remains  valid  for 
those  cases. 

We  should  note  also  that  the  procedure  beginning  with  spatial  averaging  and  leading  to  (2.45)  and  (2.47)  amounts 
to  solving  (2.31)  and  retaining  the  first  term  in  a  solution  by  iteration;  that  method  is  summarized  in  Section 
4,3. 

Solution  to  equations  (2.45)  or  (2,47)  requires  first  evaluation  of  the  forces  F„  or  f).  To  do  so  the  various 
sources  must  be  represented,  a  subject  discussed  in  the  following  section.  The  second  order  equations  may 
then  be  solved  numerically,  a  procedure  followed  by  Zinn  and  Powell  (1970,  1971).  Howovor,  great  advantage  is 
gained  in  may  problems  by  applying  the  method  of  time-averaging  (or  expansion  in  two  time  scales)  to  replace 
tire  second  order  system  by  an  equivalent  set  of  first  order  equations.  This  step  greatly  reduces  the  cost  of  routine 
calculations  and  also  provides  a  more  convenient  basis  for  formal  analysis  of  the  general  behavior.  The  following 
argument  applies  to  both  the  three-dimensional  and  one-  dimensional  formulations. 

Time  averaging  is  an  effective  procedure  for  many  practical  problems,  based  on  the  observation  that  the 
oscillations  commonly  have  amplitudes  and  phases  varying  slowly  in  time;  their  changes  are  small  in  one  period 
of  oscillation.  Hence,  the  amplitudes  t/„(t)  may  be  written  in  the  form 


>/*(»)  =>  eH(i)sin(w»f  +  «»(<))  =  rt,,(t)8mw„l  +  B„(f)cosw„f  (2.51) 


The  time  varying  phase  dn(0  is  observed  as  a  frequency  shift,  the  actual  frequency  for  the  perturbed  node  being 
d/d((w,*  +  d„)  «  w„  +  C„, 

We  shall  not  cover  the  method  for  constructing  the  equations  for  i;„(l)  and  d„(t)  or  the  A„(t)  and  /?„((). 
The  method  was  developed  by  Krylov  and  Bogoliubov  (1947)  in  a  form  directly  applicable  here  to  the  case 
uf  purely  longitudinal  modes  when  the  frequencies  are  Integral  multiples  of  the  fundamental,  equation  (2,37)b. 
When  the  (; equenrlet  ate  not  so  related,  as  for  the  common  care  of  transverse  modes  ip  n  cylindrical  chamber, 
some  difficulties  arise  which  have  beon  treated  approximately  by  Culiek  (1070),  and  by  Yang  and  Culick  (1980) 
for  problems  of  combustion  instabilities  in  ramjet  engines. 

Here  we  quote  only  the  results  obtained  for  longitudinal  nodes; 


o 

n 


(2.52)a,4 


The  inter  ml  of  averaging  has  been  taken  equal  to  r„  »  2*/w„;  the  equations  for  eaeh  mode  are  averaged  over 
the  period  of  that  node,  During  this  interval,  all  amplitudes  are  supposed  not  tu  change  significantly.  That  is, 
the  0m  appearing  in  f\  are  taken  to  be  constant  when  the  integrals  ore  performed. 

U  the  nonlinear  processes  ore  due  only  to  second  order  acoustics,  then  F„  has  the  form  [Culick  (1970)] 


(2.53) 
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CO  00  oo 

Fn=- 

i=l  i=l  J=1 

The  constants  X)„j,  £„(,  A„,j,  Bnjj  depend  on  the  unperturbed  node  shapes  and  frequencies.  Linear  processes 
always  lead  to  the  forms  shown;  the  0„;,  £„;  are  linear  combinations  of  the  various  contributions,  some  of 
which  are  proportional  to  the  Mach  number  of  the  mean  flow.  Others  depend  on  other  small  parameters.  For 
example,  attenuation  due  to  inert  particles  depends  on  the  properties  of  the  particles  and  on  the  mass  fraction 
of  condensed  material.  For  the  case  of  longitudinal  modes,  substitution  of  (2.53)  in  (2.52)a,b  eventually  leads  to 
the  equations 


where 


and 


~  =  a„An  +  8„Bn  +  ^  -  Ai+n ) 

—  Bi(Bn~i  -f  Bj-n  —  Bl+n)] 
=  anBn  -  enAn  +  ^  £(Ai(Sn_i  +  Bi-„  -  £,+„) 
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+  £;(i4n_j  —  Ai_n  4* A,+n)] 


(2.54 )a,b 


2  u„ 


(2.55)a,t 


0  =  (2-56) 

The  modes  will  be  linearly  coupled  only  if  very  special  influences  are  present;  in  general  D„;  =  E„i  -  0  if 
i  /  n.  While  equations  (2.54)a,b  are  valid  for  any  linear  process,  the  nonlinear  terms  are  special,  representing 
only  the  gasdynamics  to  second  order  for  longitudinal  nodes. 

With  this  formulation,  the  analytical  problem  for  combustion  instabilities  has  come  down  to  constructing 
the  functions  h  and  /  -  i.e.  modeling  the  contributions  processes  appearing  in  the  sources  W,  T  and  V,  equations 
(2.21)  -  (2.23)  and  then  carrying  out  the  integrals  defining  equation  (2.46).  As  a  preliminary  step,  of  course, 
the  natural  modes  and  frequencies  must  be  computed.  Because  almost  all  of  this  paper  will  be  concerned  with 
linear  behavior,  a  few  general  remarks  are  in  order. 

2.3  The  Problem  of  Linear  Stability 

The  nice  feature  of  linear  behavior  is  that  the  problem  can  be  solved  once  for  all  cases.  We  have,  of 
course,  chosen  to  treat  a  rather  special  form  of  the  general  problem  in  order  to  roach  such  a  conclusion.  If,  for 
example,  the  average  Mach  number  is  large,  or  if  the  action  of  the  exhaust  nozzle  causes  a  substantial  shift  from 
the  idealized  condition  for  a  rigid  wall,  then  the  functions  h  and  /,  equations  (2.32)  and  (2.34)  arc  not  small 
perturbations  of  the  classical  prohlem.  Nevertheless,  the  approach  taken  here  is  a  simple  first  approximation  and 
in  any  event  offers  what  we  really  need  -  a  convenient  vehicle  for  comparing  the  behavior  in  different  systems, 
and  the  possiblo  consequencos  of  different  mechanisms. 

We  assume  now  that  h  and  /  aro  linear  functions  of  the  dependent  variables  p',  t?,  p\  and  T'.  Thus  equation 
(2.45)  la  satisfied  if  all  functions  have  exponential  time  dependence,  so  p'/p  ~  el4k\  if  ~  e’4*1,  etc.  and  h,  /,  tin 
have  the  same  dependence: 


tin  =  t/nfl14*';  h  <=  heiik,i  f  =  /ei4“  (2.58)a,t,c 

All  amplitudes  denoted  by  (  )  are  complex  functions  •  i.e.  they  are  generally  not  in  phase  with  one  another.  It 
Is  convenient  to  measure  the  phase  relative  to  the  pressure  oscillation  and  its  amplitude  t}„  is  tuken  to  ho  real; 
because  coupling  between  modes  is  absent  we  are  really  treating  one  term  in  tho  series  (2.41)  and  (2.42); 

^j^=tjHei4*V«W  (2.89) 

and 

u>-.  0  =  ||V0,(F) « 

Because  tho  actual  value  of  h  differs  from  by  small  quantitites,  we  have  to  first  order 

(2.6°) 

Tho  expressions  (2.50)  and  (2,60)  are  to  be  substituted  for  p',  tf  when  f*  is  computed  from  Its  definition  (2.40). 
Also  to  the  order  considered  here,  p'/p  aud  V/T  can  be  approximated  by  their  values  for  iseutropic  motions, 
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The  wave  number  k  is  complex, 


'-I'; 

P  7  P 


v_ 

T 


S3 


7  —  1  Pf 
7  P 


(2.61)a,6 


fc  = 


r  (o)  -  ia) 
a 


(2.62) 


and  with  the  definitions  used  here,  or  >  0  if  the  mode  is  unstable,  for  then  p'/p  ~  ea‘.  Substitution  of  (2.58)  in 
(2.45)  and  (2.46)  and  cancellation  of  the  common  factor  e,4t<  gives  the  formula  for  k2: 


(**) 

Because  we  are  treating  only  small  perturbations,  a/u  and  (u>  -  wn)/w„  are  small.  With  this  approximation,  the 
real  and  imaginary  parts  of  (2.63)  give  convenient  formulas  for  the  frequency  and  growth  constant  of  the  actual 
motions; 


(2.64)a,6 


Now  we  relate  these  formulas  to  the  results  obtained  in  the  preceding  section  with  the  method  of  averaging. 
First  note  that  ijB,  equation  (2.5)a  can  be  written; 

i>„  =  7)„e,4“  =  q„eu-,ai  « 
or,  if  6ui„  =  w  -  u„  denotes  the  frequency  shift, 


!}„  =  ,}ne“*ei(w.+J«.)t 

For  linear  bohavior  only,  equations  (2.54)a,b  are 

dAn  .  ,  a  D 

’ ^ ”  OnAn  + 

"df  = 

Direct  substitution  shows  that  these  equations  are  satisfied  by 

A„  =  co»$nt 

0K  a  -4iwc"*,sinfl»t 

The  assumed  form  (2.51)  for  the  amplitude  is  therefore 


(2.65) 


(2.66 )o, 6 


(2.67)a,6 


>)„(!)  *»  AB«etl*,8iit(ws  +  6»)t  (2.08)«,  6 

This  is  oxnctly  the  Imaginary  port  of  (2,65).  We  conclude  that  the  parameter  «»  »  -  D„„/2  defined  by  (2.55)a 
is  the  growth  constant  of  the  nth  perturbed  mode  equation  (2,64)b;  and  0„  a  defined  by  (2.53)b  is 

the  frequency  shift,  calculated  with  equation  (2.64)a,  0*  a  »  u  -  ui«, 

All  of  the  above  can  be  summarised  in  the  following  steps,  a  reeeipc  for  assessing  the  consequences  of  an 
analysis  of  linear  behavior, 

i. )  Construct  the  contributions  to  the  functions  h  and  /  by  applying  the  definitions  of  the  souree  functions  W, 

f  and  V  and  extracting  their  linear  forms; 

ii. )  Substitute  the  acoustic  approximation!  p‘  n  ptj *0,  and  £?  =  4aW»/^i*  in  /  and  h;  if  required,  the 

formulas  (2.61)a,b  are  used  for  the  density  and  temperature  fluctuations; 
ii.)  Compute  F,  according  to  its  definition  (2.46),  If  second  derivatives  of  the  amplitude*  should  arise,  they  ate 
to  be  replaced  by  the  seroth  order  approximation,  </„  m  -wjn», 
v.)  Then  FH  will  have  the  form  (2.53)  with  D„,  «  t'ni  m  0  fer  i  ji  n.  Tim  values  for  the  growth  constant  and 
the  frequency  shift  for  the  nth  mode  can  be  found  immediately  from  the  coefficient*  of  i)B  and  q„; 

«»  *  -s  A.»'.  a  w  -  Wh  ■  (2.69) 

2  3  ul„ 

In  this  way  the  primary  Information  given  by  a  linear  analysis  can  be  found  In  a  itralglUfyrward  manner. 
It's  true  that  due  to  approximations  made  here,  there  may  lie  quantitative  Inaccuracies  greater  than  those 
accompanying  a  more  careful  computation  of  linear  behavior.  The  great  advantage  of  the  procedure  described 
above  ia  that  compariaou  of  proposed  mechanism*  can  readily  be  made. 
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2.4  Evaluating  the  Linear  Contributions  to  the 
frequency  Shift  and  the  Growth  Constant 

In  this  review  we  concentrate  on  the  linear  behavior.  We  shall  find  in  Section  3  that  proposed  mechanisms 
for  instabilities  can  be  properly  assessed  only  within  the  complete  acoustical  analysis.  It  is  therefore  essential  to 
work  out  the  details  for  the  most  general  possible  forms  of  the  inhomogeneous  forcing  functions  represented  by 
h  and  /. 

Some  rearrangement  leads  to  the  following  result  for  the  linear  parts  of  h  and  /: 

J  ht.dV  +  jfh.iS  =  pkl  J (S,  •  j,)0„dv  -  p  J(S,  x  V  X  3,)  •  VtMV 
+  4  /  •  Vp  +  tpv  ■  u,]dV 

-  i-r  J*J>dV-  j  ?-V4>,dV 
+  Ipai*^’*"*  ■  ndS 

We  assume  throughout  that  all  terms  in  h  and  /  are  small  (e.g.  many  are  of  order  of  the  mean  Sow  Mach 
number)  and  since  k  differs  from  fc„  by  terras  of  that  order,  we  replace  k  by  l„,  thereby  consistently  neglecting 
terms  of  order  square  in  small  quantities.  Fbr  the  same  reason,  we  replace  p  and  u  by  their  uuperturbed  values, 

p  =  u  =  4^*^*  (2 10) 

Taking  the  real  and  imaginary  parts  of  the  integrals  and  substituting  in  (2.04 )u,h  gives  the  basic  formulas  for 
studyiug  linear  stability: 

a‘  k.  t  V{,)  t  1 
w  »  w.  +■  T— /  tk.^-dV  -  /  f  f  ■  V^dV 

a  J  'i«  J  A*  (27l) 

-  poi.Jf-'f*'*0  1  A)tMSf) 

- a ^  h'TrdV + J**  ■ 

(Vtt,WV  0.73) 

+  +  W 

live  term  it  •  A  In  the  surface  integral  arise*  from  the  contribution  p(0rf/9t)  •  A  in  /.  Here  it  U  not  «e|dared 
by  it*  unperturbed  value  ( (l- A  s  0)  at  the  surface  because  In  general  the  boundary  Is  not  rigid.  It  W  lung  been 
a  convention  In  elasslcal  acoustic*  to  replace  fluctuation*  of  the  velocity  at  a  boundary  by  admittance  friteliuo* 
That  lias  become  common  practice  In  analysis  of  combustion  Instabilities  with  account  taken  of  the  wean  flow 
through  tire  btumdary,  a*  at  a  burning  surface  Is  solid  propellant  rockets,  and  at  the  exhaust  tweete  y^nerafly 
The  admittance  function  .4,v  at  the  uotste  entrance  1*  defined  a* 


.  (  _  1  y  AV  A 

s  ”  a  P/ip  ”  S 

Thus  the  cutubluailou  in  the  surface  Integral  I* 


(3.73) 


+  «|  '  A( »  A#  4  W*  (3,741 

All  type*  of  systems  treated  in  this  paper  use  choked  exhaust  notate*,  Owing  to  tire  targe  gradients  of  mean 
flow  propertk*  in  the  convergent  section,  such  a  nmtrle  acts  as  an  efficient  reflector  of  acoustic  disturbance, 
under  most  condition*  ■  hut  not  always.  Tslen  (1032)  first  analysed  the  unsteady  behavior  In  neufles.  in  a 
paper  tlurl  set  tire  essential  basis  tor  all  subsequent  calculations.  Crown  (1933)  and  Crown  and  Cheng  (1950) 
elaborated  an  Tslen'*  treatment  of  one-dimenstenal  (planar)  wave  motions.  Sente  chief  intuits  ef  the  theory  were 
confirmed  with  teat*  performed  by  Crown,  Grey  and  Monti  (1991),  Cuitek  (1991)  repotted  limited  rendu  1st 
threw  dimensional  motions  hut  the  must  thorough  treatment  of  the  subject  was  given  by  Crown  and  Sirtgnaw* 
(1967)  The  Utter  work  I*  particularly  rueful  because  fluctuations  of  vortkity  and  entropy  are  accommodated. 
Some  consequence*  of  entropy  disturbance*  Incident  In  a  bottle  were  later  Investigated  by  Marble  (1973)  amt 
Marble  and  Candd  (1977))  that  It  an  tame  which  arise*  to  wmneetlen  with  analysis  of  convective  waves  as  a 
possible  mechanism  for  instabUllle*,  Some  aspect*  of  nonlinear  behwtor  of  a  notate  have  been  treated  by  Crown 
and  Sirignano  (1966)  and  hy  21tm  and  Ctocco  (1966a,  1964b);  the;  will  not  be  pursued  here. 

The  exhaust  notate  provide*  a  significant  tor*  of  acoustic  energy  particularly  for  longitudinal  meUbutons.  (is 
effects  are  tea*  clear  for  threefiteoensteaal  motions,  particularly  when  the  notate  Is  submerged,  a  common  feature 
In  solid  propellant  lockets,  There  has  therefore  been  consider  able  interest  to  measuring  the  notate  admittance, 
beginning  to  the  tale  I960  *  (QuVtunetal  (1967);  Cultek  and  Dchotity  (1969)).  Tbe  must  elaborate  and  effective 
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experimental  work  has  been  done  using  a  large  impedance  tube  with  flow,  a  method  first  used  by  Zmn  et  al 
(1973).  For  longitudinal  modes,  for  which  the  wavelength  is  usually  much  greater  than  the  nozzle  -ingth,  the 
"short  nozzle  approximation”  is  quite  accurate,  An  =  ( 7  -  1)A?n/2.  There  is  no  <  xperimental  data  sufficiently 
accurate  to  prove  or  disprove  the  theoretical  prediction  that  under  some  conditions  transverse  oscillations  may  lx 
amplified  by  the  exhaust  nozzle:  that  is,  a  small  amount  of  energy  is  transferred  from  the  mean  to  the  unsteady 
flow,  not  an  unreasonable  possibility  (cf.  whistles  and  arena).  Fbr  most  purposes  here  the  action  of  the  nozzle 
may  be  viewed  as  causing  attenuation  of  acoustic  waves  with  a  slight  increase  of  axial  wavelength. 

Similarily,  an  admittance  function  can  be  introduced  to  represent  the  effects  of  fluctuations  of  the  liquid 
fuel  and  oxidizer  at  the  injector.  There  is  no  average  flow  of  gas  in  that  case,  so  we  set  u  •  n  =  0  and  define 


A,= 


The  minus  sign  is  appended  because  the  normal  vector  n  is  positive  outward  but  the  velocity  is  positive  inward 
at  injector  ports.  Equations  (2.71)  and  (2.72)  are  now 


u  =  ua4 


/l  uW 

4-f  ■  vv.dv 

+  k*pj]  4‘VidS  -  InP  Jl  A^ldS) 


(2.75) 


a  =» 


/I  %(*■) 

t/ 

-(7-1  )yj>  j  •  u,)dV 


+  MnWIiIS) 


(2.76) 


The  result  (2,75)  has  not  been  particularly  useful  iu  predictions  of  linear  stability  because  the  frequency 
shifts  w  -  Un  are  usually  so  small  as  not  to  be  noticeable.  As  we  noted  earlier,  predictions  of  the  frequency  are 
not  a  true  test  of  a  theory.  However,  'prediction'  means  that  all  contributions  on  the  right  hand  sides  of  (2.T41 
and  (3.T5)  eun  be  calculated.  It  has  been  common  practice  in  studies  of  instabilities  in  liquid  rockets  to  use  both 
of  these  equations  in  t!ie  stability  boundary  (  <i  a  0)  to  compute  the  real  and  imaginary  parts  of  the  function 
representing  unsteady  combustion.  Hence  lire  matter  of  prediction  is  not  an  issue.  We  discuss  the  procedure  at 
greater  length  in  Sections  4  arid  5. 

First  we  need  to  make  explicit  the  eontrlbutioa*  to  the  source  functions  ?  ami  V,  derived  from  the  definitions 
0.22)  and  (3.23).  VVe  make  two  assumptions  to  simplify  the  formulas: 

1.)  VUeou*  stresses  and  heat  conduction  are  negligible  within  the  volume  of  the  chamber.  This  Is  true  except  for 
sharp  fronted  waves.  Otherwise,  visenns  effects  are  Important  at  boundaries,  as  for  gas/partiele  interactions 
or  at  inert  waits.  Those  losses  ate  not  included  here  but  ate  easily  taken  Into  account, 
i )  In  steady  stale,  the  liquid  droplets  are  In  equilibrium.  Thus  #U)  m  0,  an  approximation  that  is  valid  only 
after  the  injected,  liquid  ha*  foetoed  a  spray  moving  with  the  ehumber  gases  Thus  this  approximation  Is  w>« 
good  over  most  of  the  region  near  the  injector.  A*  a  result,  losses  are  underestimated. 

With  these  two  amsnwpllou*,  we  find  to  first  order  tn  small  quantities* 


(2.77) 


P  m  ^{Q»  *  K?j  *  ikt  -  t)*i  * (M  -  *Vt!  (178) 

Also,  see  lejdace  V  ■  s  In  the  third  term  of  (2,78)  by  using  the  averaged  form  of  the  vonilrvutty  eqtwrion  (2.1) 
with  tq  appforthttareiy  voosUti:  then  V  ■  i,  e  Equation  (178)  is  now 

a  <T  fJ  ^  * {t"  ■  = 

unsteady  energy  addition 

*  J  JL||$ + 

how's  due  to  gas/ liquid  truer  aet»*u> 

toot  fcsociated  with  vnporitutka  .  . 


*  IS  ws tUt,  «*  toss  sir*  ttrwpgM  srto mvtg  a  utm  {Jrfn})  in  P  w»w  mix  » taaasusa  «f  tnwgy  dnn  ts 
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+knp  JJ  A^ldS  -  knp  JJ (A$  +  &NWldS) 

injector  exhaust  nozzle 

This  result  seems  to  contain  all  contributions  considered  in  previous  works  and  will  therefore  serve  as  the  basis 
for  discussion  of  mechanisms  of  instabilities  in  Section  3. 

2.8  Rayleigh's  Criterion 

As  a  result  of  his  studies  of  acoustic  waves  generated  and  sustained  by  heat  addition,  Lord  Rayleigh  (1878, 
1945,  Vol.  II,  p.  226)  stated  his  famous  criterion: 

“If  heat  be  communicated  to,  and  abstracted  from,  a  mass  of  air  vibrating  (for  example)  in  a  cylinder 
bounded  by  a  piston,  the  effect  produced  will  depend  upon  the  phase  of  the  vibration  at  which  the 
transfer  of  heat  takes  place.  If  heat  be  given  to  the  air  at  the  moment  of  greatest  condensation,  or 
be  taken  from  it  at  the  moment  of  greatest  rarefaction,  the  vibration  is  encouraged.  On  the  other 
hand,  if  heat  be  given  at  the  moment  of  greatest  rarefaction,  or  abstracted  at  the  moment  of  greatest 
condensation,  the  vibration  is  discouraged." 

Probably  no  other  principle  has  been  so  widely  invoked  in  studies  of  combustion  instabilities  [e.g.  Heidmann  and 
Wieber  (1966a,b);  Putnam(1971);  Harrje  and  Reardon(1972);  Zinn(1980)].  Even  some  success  has  been  achieved. 
But  it  seems  that  in  all  cases  when  Rayleigh’s  criterion  has  been  applied  to  situations  involving  exchange  of  mass 
as  well  as  heat,  the  conclusions  reached  have  been  incomplete  and  in  some  cases  seriously  misleading.  The  reason 
is  that  not  all  sources  have  bcon  properly  accounted  for  •  that  is,  pieces  of  f  and  V,  equations  (2.22)  and  (2.23), 
have  been  omitted.  Rayleigh  never  considered  the  possible  influences  of  a  condonsed  phase. 

The  approximate  analysis  worked  out  in  Section  2,3  provides  a  convenient  basis  for  deriving  an  explicit 
form  of  Rayleigh’s  criterion  including  all  contributions  [see  Culick  (1987)  for  the  form  accounting  only  for  heat 
addition  and  applicable  to  nonlinear  motions].  We  begin  with  equation  (2.45)  for  the  time-dependent  amplitude 
of  the  it1'  mode, 


tPi'n 

dt* 


+  =  Fn 


This  is  the  equation  for  a  driven  oscillator  whose  "energy"  is  £n  a  (i)J  +  uiJi;jl1)/2  which,  within  a  constant 
multiplier,  is  the  mechanical  energy  associated  with  the  o'*  acoustic  mode.  Energy  flows  to  the  modo  at  the 
rate  fhi),  and  at  time  t  the  rate  of  change  of  energy  in  one  period  r,  »  2x/w„  of  the  motion  is 


Hr. 

&£,<«)=  I  F.indt'  (2.80) 

i 

Traditional  use  of  Rayleigh's  criterion  has  involved  only  heat  addition,  a  strictly  literal  use  of  the  statement 
quoted  above.  Correct  application  to  liquid-fueled  systems  requires  consideration  of  all  contributions  associated 
with  lieat  addition  and  exchange  of  mass,  momentum  and  energy  between  the  gas  and  liquid  phases.  With  only 
those  terms  retained,  P  and  V*  are  given  by  (2,77)  and  (2.78)  so  h  and  /,  equations  (2.32)  and  (2.34),  are*: 


A  -  V  •  (<$  +  dfi]*,}  -  +  fQ\  +  (At  -  e)u>J  +  (A|  -  «*  -  f  )ie,]  (2.81) 


Then  Ah,  equation  (2.40),  is 


(2.S2) 


where 


(2.83) 


Q*  »  9*  +  iQ\  +  (A,  -  l)t*|  +  (A{ )d>( 

Tb  find  an  explicit  expression  of  Rayleigh's  criterion,  substitute  (2.83)  iu  (2.80)  and 
%  parts! 


(2.84)0. A 
integrate  the  first  term 


I JVVMV 

If  tlte  system  is  executing  a  steady  oscillation,  then  Qp  4s  l»  strictly  periodic  and  the  term  iu  square  brackets 
vanishes,  tn  the  second  term  we  may  set  ij„  «  -w*ij«  as  remarked  earlier.  With  tt/C,  »  ^  - 1,  the  energy  added 
to  the  id*  mode  during  one  period  of  oseitlalion  is 


*  Tits  Isnaals  tmtudrs  Its  tanas  that  tig  Is  ISa  part  efaaeaMsn  (t.W)  i4taUA«4  as  e  “less  mstlilet  with  vageiUaUaa*. 


M.*1)  ( 
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t+r„ 

A£n  =  01 1 dV  I ((^  -  + ■  “'■I* 


where  we  have  used  the  definition  of  the  acoustical  pressure  and  velocity:  ijnipn  —  Pn/Pm  *=*  VV>«/ *fk*. 

Equation  (2.85)  is  an  extended  form  of  Rayleigh’s  criterion.  The  first  term  accounts  for  heat  addition 
with  and  without  charge  of  phase;  the  second  term  represents  the  effects  of  momentum  transfer  between  the 
two  phases.  If  A£n  is  positive,  then  the  amplitude  of  the  mode  in  questions  grows  providing  the  contributions 
accounted  for  here  exceed  the  energy  losses  associated  with  the  injector  and  the  nozzle,  the  last  two  terms  of 
equation  (2.79). 

The  derivation  of  equation  (2.85)  has  involved  only  some  of  the  terms  in  h  and  /,  a  restriction  imposed 
here  only  because  previous  works  have  emphasized  the  importance  of  heat  and  mass  addition.  It  is  evident  from 
the  derivation  that  all  of  the  perturbations  can  be  included.  This  will  produce  an  extended  form  of  Rayleigh’s 
criterion  applicable  to  all  circumstances  encompassed  by  the  original  conservation  equations. 

We  need  simply  to  use  the  entire  definition  (2.46)  of  Fn  in  equation  (2.80)  for  A£n.  The  contribution  from 
the  volume  integral  over  &  (2.79)  arises  from  the  term  in  Fny 

M»  L.I..JU  /««, 


R/Cv  t  dp'  W{ 

pE*  J  at  p, 


When  this  is  placed  in  the  definition  of  A£„,  the  result  can  be  re-written 


-Mi  rv 

pE\  J,  Jp,dtUn*“ 


The  combustion  r)nt/>n  =  d{p' lp)/dt  so  this  contribution  to  A£„  is 


Similarly,  the  surface  integral  involving  the  retd  part*  of  the  admittance  in  F„  is 

mllffi  ■*)<>,MS= %)*" dS 

where  the  definition  (2.72)  has  been  used.  After  substitution  in  the  definition  of  A£„,  this  term  gives 


Again  is  replaced  by  d(p‘/p))Qt  and  we  have  the  contribution  to  A£„ 


Tliis  result  can  be  upplied  to  both  the  injector  atid  the  exhaust  nozzle,  the  two  contributions  appearing  in 
ix|unlion  (2.79). 

With  these  additional  contributions,  the  extended  form  of  Rayleigh's  criterion  is  now 


A£,  *  M  J  jv  £**  4t  [(*  -  \)QH&  +  ■  a*.] 

-ih'r—mn' 


This  formula  for  the  energy  charge*  in  one  period  of  oscillatiou  contains  all  the  contributions  included  in  the 
conservation  equations  (2.SH2.20).  The  statement  of  the  criterion  is  now;  if  A£«  calculated  with  (2,89)  is 
positive,  then  the  oscillatiou  is  unstable.  As  the  calculations  in  the  following  section  confirm,  this  result  is 
equivalent  to  the  condition  for  stability  based  on  the  growth  constant. 

*  Why  it  U  Isflmsts  to  um  th»  ml  psrt  follows  from  tho  romirlu  la  lh«  nost  Motion. 

*  Attually  A£*  U  only  proportion  si  to  th*  onoriy  ohiagoi  bootuu  of  Us  <Ufinltion  (1.80),  A  £„  hat  units  mo"1 
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2.6  The  Connection  Between  Rayleigh’s 
Criterion  and  the  Growth  Constant 

The  growth  constant,  defined  as  the  imaginary  part  of  the  frequency,  is  the  exponential  rate  of  growth  of  the 
pressure  amplitude.  It  is  therefore  related  to  the  rate  of  change  of  acoustic  energy  by  a  formula  easily  established 
in  the  following  paragraphs.  Further,  because  Rayleigh’s  criterion  has  to  do  with  the  time  evolution  of  acoustic 
energy  in  the  system,  there  must  be  a  relation  between  that  principle  and  the  growth  constant,  a  result  we 
establish  in  thin  section. 

Equation  (2.45)  for  the  amplitude  of  the  nlk  mode  is  the  basis  for  computing  both  the  growth  constant  a 
and  the  change  of  energy  A£„,  and  therefore  provides  the  connection  between  these  quantities. 

We  are  concerned  here  only  linear  behavior;  thus  is  proportional  to  e'4*1  and  with  no  loss  of  generality 
we  can  set  the  constant  of  proportionality  equal  to  unity*,  so  =  e,4tl,  a  choice  that  simplifies  the  following 
calculations.  Substitute  in  equation  (2.45)  to  find  the  formula  for  k3: 


(2.90) 


where  as  usual  we  write 

F„  =  F„ei4“  . 

The  real  and  imaginary  parts  of  (2.90)  give  equation  (2.64 )a,b,  here  expressed  in  terms  of  F„: 


.  jr(r) 


o  = 

2w„  " 


(2.91)0,6 


Now  integrate  the  right  hand  side  of  the  definition  (2.80)  of  A£„: 

r'+r. 


fl+r. 

A£n=  j  F„t)„dt‘ 

fHr'\d<v  \  <&» 

U(F",,n)  - df 

=  -  l 


dt' 


,+T\,  dK,h‘ 

’ln~dFd  ' 


The  first  term  vanishes  becauso  we  consider  steady  oscillations  (at  most  changes  by  a  small  amount  in  one 
period)  and 

A£„  =  -  jf  -In  (2.92) 

Let  <t>  be  the  phase  of  Fn  (measured  relative  to  tho  pressure  oscillation)  and 

Fn  =  IFnle4'**'^  .  (2.93) 


Real  quantities  must  be  used  in  the  right  hand  side  of  (2.92);  we  choose  the  real  parts  of  complex  quantities,  so 
i)„  =  cos(«l;t),  Fn  •  |Fn|cos(aitt  +  4).  hence  (2,92)  Is 
ri+r, 

A£„  =  -  /  cos(a(;i,){—  dt|Fn|sin(all'l'  +  4)}dt' 

[< 

=  dk  J  |F„|cos(dfc<,){cos(afc(')8in  4  +  sin(6tt')cos  , 

Once  again  we  apply  the  condition  that  F„  is  a  small  perturbation  so  we  can  sot  dk  a  u„  and  assume  that 
|F„|  and  4  ore  nearly  constant  during  one  poriod  of  the  motion.  Hence  the  integrals  can  bo  done;  only  the  first 
integral  is  non-zero  and  wo  find 

A£,  =w„|F„|8in  ■ 

With  w„r„  a  2s,  we  have  the  result 

A£„  =  * .  (2.94) 

Finally,  comparison  of  (2.01)6  and  (2,04)  gives  the  desired  relation: 

A£a  »  2x10*0  .  (2.95) 

This  result  establishes  quite  generally  the  connection  suggested  by  the  explicit  forms  (2,79)  and  (2,89).  We 
should  emphasise  that  as  he  originally  formulated  the  statement  known  as  his  criterion,  Rayleigh  considered 
only  the  matter  of  heat  addition  to  the  acoustic  field,  It  U  perhaps  stretching  the  point  to  account  for  all  energy 
losses  and  gains  to  produce  equation  (2,95).  We  have  done  so  hen  to  clarify  some  abuses  that  have  appeared  in 
the  literature;  an  example  U  discussed  In  Section  3.2 


*  This  U  usually  a  mattar  of  normal  laallon;  w  alio  ramarka  la  Saetian  4.3  aftw  aquation  (4.10), 
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3.  MECHANISMS  OP  COMBUSTION  INSTABILITIES 

Both  Rayleigh’s  criterion  and  the  growth  constant  provide  means  of  analyzing  the  stability  of  unsteady 
motions.  Properly  interpreted,  Rayleigh’s  criterion  can  be  applied  to  nonlinear  behavior,  but  the  growth  constant 
is  strictly  defined  for  linear  instabilities.  The  results  expressed  as  equations  (2.79)  and  (2.90)  are  largely  forma). 
Their  physical  content  derives  from  the  assumptions  forming  the  basis  for  the  conservation  equations  (2.18)  • 
(2.26).  To  proceed  further  it  is  necessary  to  provide  more  explicit  representations,  or  models,  of  the  processes 
dominating  the  behavior  in  a  combustion  chamber. 

Apart  from  differences  in  geometry,  the  primary  distinctions  between  different  propulsion  systems  are  due  to 
the  internal  physical  processes.  Some  are  independent  of  geometry,  but  others  -  such  as  flow  separation  -  are  not. 
In  this  section,  we  discuss  the  four  main  ideas  that  have  been  proposed  for  explaining  combustion  instabilities 
in  liquid-fueled  systems.  Although  all  have  been  prompted  by  experimental  results,  they  differ  greatly  in  the 
extent  to  which  they  have  been  developed.  We  begin  with  the  most  widely  used  idea,  the  ’’time  lag  model”. 

3.1  Interpretation  With  a  Time  Lag 

The  basic  idea  is  simple,  and  quite  general,  related  to  the  familiar  experience  that  a  forced  oscillating  system 
will  gain  energy  if  the  force  has  a  component  in  phase  with  the  velocity  of  the  point  of  application.  Stability  of 
dynamical  systems  characterized  in  some  sense  by  a  phase  or  time  lag  had  been  studied  prior  to  the  concern  with 
combustion  instabilities  (for  example,  see  Callender  et  al  (1936)  and  Minorsky  (1942)).  In  1941,  Summtrfield 
(1951)  had  observed  low  frequency  ‘chugging”  during  firings  of  a  liquid  rocket.  Discussion  with  von  Karman  led 
to  the  idea  of  a  time  lag  as  a  possible  explanation.  Guilder  and  FViant  (1950)  independently  introduced  a  time 
lag  in  their  analysis  of  chugging,  but  it  wa3  Summerfield’s  paper  and  subsequent  work  at  Princeton  by  Crocco 
that  established  the  time  lag  theory  in  the  firm  widely  used. 

The  essential  idea  in  all  applications  of  the  time  lag  is  that  a  finite  interval  -  the  lag  -  exists  between  the 
time  when  an  element  of  propellent  enters  the  chamber  and  the  time  when  it  burns  and  releases  its  chemical 
energy.  Such  a  time  lag  must  exist  in  steady  operation,  and,  since  combustion  is  distributed  throughout  the 
chamber,  there  is  no  unique  value.  Evidently  a  complete  analysis  of  injection  and  subsequent  processes  could 
then  be  interpreted  in  terms  of  a  time  lag;  results  exist  only  for  approximate  analyses. 

Now  suppose  that  at  time  t  the  pressure  in  the  chamber  suddenly  decreases,  causing  an  increase  in  the 
flow  of  propellant  through  the  injector.  The  increased  mass  bums  at  some  later  time  t  +  r,  where  r  is  the 
time  lag.  If  the  pressure  is  increasing  when  the  added  mass  bums,  the  energy  released  will  tend  to  encourage 
the  pressure  increase,  a  destabilizing  tendency,  This  elementary  process  is  easily  interpreted  with  Rayleigh's 
criterion.  Assume  that  the  pressure  varies  sinusoidally, 

p'  =  j>  sinwt  (3.1) 

and  that  the  enorgy  occurs  later  with  constant  time  lag  r, 

Q‘ =  <Jsinw(<  -  r)  (3.2) 

Integration  of  the  product  p'Q'  over  one  period  2ir/w  gives 


_  .  i+r*/w 

p'Q'dl'  a  pQ  j  sinwt'sin(wt'  -  wrldl'  =  pf)- 1 


Thus,  according  to  Rayleigh's  criterion  (2.7),  we  expect  that  net  energy  is  added  to  the  oscillation  if  coswr  is 
positive,  so  tile  time  lag  must  lie  in  the  ranges 


0  <  T  <  aH’ 
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Suppose  that  tlve  system  is  unstable  and  the  r  lies  in  the  range  3it/2w  <  r  <  5it/w.  Then  the  strategy  for  fixing 
the  problem  is  based  on  modifying  the  system  so  that  r  is  either  increased  or  decreased,  placing  its  value  outside 
the  range  for  instability. 

Because  the  processes  subsequent  to  Injection  are  surely  dependent  on  the  flow  variables,  pressure,  temper¬ 
ature,  velocity,  ....  it  is  unrealistic  to  assume  that  the  time-lag  is  constant.  Tire  most  widely  used  form  of  the 
representation  with  a  time  lag  are  dominated  by  its  dependence  on  pressure. 

Figure  3,1,  taken  from  Dipprey  (1972),  is  a  sketch  illustrating  tire  behavior  for  a  sinusoidal  ptessure  osciilatiou 
imposed  on  the  system.  Tire  total  time  delay  to  burning  Is  supposed  in  this  ease  to  lie  composed  of  two  parts, 
due  to  the  propellant  feed  system,  and  the  combustion  delay  (injection,  atomization,  vaporization,  mixing,  and 
chemical  kinetics),  It  is  the  second  part  that  is  sensitive  to  the  flow  conditions  in  the  chamber. 

Let  til  denote  the  mass  flow  (  niasa/sce,)  of  propellant.  At  this  point  we  ate  not  concerned  with  details  and 
we  need  not  distinguish  between  fuel  and  oxldlser.  The  arguments  based  on  the  idea  of  a  time  lag  are  directed 
mainly  to  constructing  a  representation  of  the  mass  source  term  u>i(mass/co/.  -  see.)  m  the  continuity  equation 
(2.1).  Thus  the  result  is  intended  to  express  the  rale  of  conversion  of  liquid  to  gas  in  a  volume  element  of  the 
chamber,  These  is  no  consideration  of  combustion  processes;  the  usual  assumption  is  ilia1  combustion  occurs 
instantaneously,  a  view  that  determines  how  the  time  lag  model  ought  to  he  incorporated  h  the  equations. 

Let  (  r,  <fV)  denote  the  volume  element  at  position  Fin  the  chamber  and  let  (I,  dl)  denote  the  small  time 
interval  dl  at  time  <U  The  idea  is  that  the  amount  of  liquid  wittVdi  converted  to  gas  in  the  dement  (r,  eft') 
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in  the  interval  (  t,  dt)  was  injected  as  &m(t  -  r)d(i  —  r)  at  the  time  t  -  r  in  the  interval  d(l  —  t).  Hence  by 
conservation  of  mass, 


widVdi  =  6thi(f  -  r)d(t  -  r)  (3.5) 

According  to  earlier  remarks,  the  time  lag  is  supposed  to  be  variable,  and  can  be  written  as  the  sum  of  average 
and  fluctuating  values,  r  =  i+r',  In  steady-stato  operation,  (3.5)  is 


u>l dVdt  =  fthj(*  -  f)d(t  ~f)~  om,(t  -  f)dt  (3.6) 

Expanding  6m(i  -  r)  in  Taylor  series  for  use  in  (3.5)  we  havo 

-  r)  =  4tfii(l  -  f )  +  t’(— d'riii(f)ji_,  +  -  -  •  (3.T) 

The  second  term  is  non-aero  if  tile  injected  mass  flow  is  not  constant.  There  are  many  situations  (notably  for  low 
frequency  instabilities)  for  which  variations  are  important  But  for  the  instabilities  at  high  frequencies,  variations 
of  the  propellant  flow  are  generally  uot  important,  Hence  we  ignore  tire  second  term  in  (3.7)  and  substitute  (3.6) 
in  (3.5)  to  find 


u>l(e,  (,)  a  tiq(l  -  — )  (3.8) 

The  variations  of  the  local  convocation  of  liquid  to  gas  depend  in  this  simple  fashion  on  the  time  -  dependence 
of  the  lime  lag.  Note  that  v  may  in  general  depend  on  position:  th»  reasoning  here  is  quite  widely  applicable. 

The  difficult  problem  is  of  course  to  predict  r  ■  in  fact  it  lias  itevet  b«u  d>w  Ctuccn  hitrodoeed  tle>  idea 
that  the  time  lag  is  tlte  period  required  for  the  processes  leading  to  vaporisation  to  lie  completed.  He  assumed 
that  this  iutegraleti  effect  can  he  represented  by  an  integral  over  the  time  lag  of  some  function  /  of  the  variables 
affecting  the  processes 

t 

J  Up,  t,  s,  s,,  ,.,)dt'  *  £  (3.9) 
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The  constant  £  is  supposed  to  be  a  measure  of  the  level  to  which  the  integrated  effects  must  reach  In  order  far 
vaporisation  to  occur.  Almost  all  applications  of  the  time  lag  model  rest  on  tlte  assumption  that  the  lime  lag  U 
sensitive  only  to  tlte  pressure.  The  function  /  may  then  be  expanded  about  Us  value  ai  tlte  moan  pressure. 


/M-/(P)  +  f>'| 
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and  /(p)  Is  approximated  as 

/(p)w/(p)|l+n^| 

This  form  is  now  used  in  approximate  evaluation  of  (1.9). 

First  differentiate  (ifl)  with  }{p) *  /(MO)  to  find 

/(M0)'-U-|u(M«-t)}-0 


(3.10) 
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Substitution  of  (3.11)  gives 


1_£:  =  ±LI^sal+„i£V)_p^il 

dt  1  +  niaifns’1  +  ’%  p 


Set  tut  —  u>i  +  u>{  in  (3.8)  and  substitute  (3.12)  to  find  the  basic  result  of  the  time  lag  theory: 

w,  =  «.,n[-r - —I 

For  analysing  liuear  stability,  p'  =  pc‘**‘i>(r)  and  uij  =  u>i«u*',  so 


(3.12) 


(3.13; 


t&i  =  ti>,n(l  -  c""-")  (3.14) 

where  the  usual  approximation  lias  been  made,  or  <<  ier  in  the  exponent. 

Equation  (3,17)  is  a  two-parameter  representation  of  the  conversion  of  liquid  to  gas.  The  Hvo  parameters, 
the  time  lag  r  and  the  interaction  or  pressure  index  n,  are  unknown  a  priori  All  work  with  the  time  lug  theory 
requires  experimental  measurements  to  determine  their  values.  The  general  idea  is  simple-  Aflet  substituting 
(3.14)  in  the  Unearned  conservation  equations,  solutiou  is  found  for  the  slabiUty  boundary  (o  -  0)  with  .i  and  r 
as  parameters.  Experimental  data  for  the  stability  houndary  are  used  to  determine  n  and  r.  Crocco,  Grey  and 
Harrje  (1900)  were  first  to  obtain  sufficient  data  to  confirm  the  value  of  this  approach.  Figure  3.2  reproduces 
some  of  their  results  for  the  time  lag  and  interaction  index  inferred  from  tests  with  two  injectors.  The  data 
were  taken  for  the  stability  boundary  of  the  fundamental  longitudinal  mode  asd  sltow  the  strong  dependence  on 
fuel/oxidirer  ratio. 
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3,3  Atf-'uUatWn,  Droplet  VapurUatten  and  t)  timing 
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steady  flow.  An  acoustic  field  is  superimposed  having  the  form  of  the  lowest  first  tangential  mode  for  a  cylindrical 
chamber  (sinfl  Ji(icnr)).  The  motion  and  vaporization  rate  of  the  droplet  is  calculated  throughout  its  history. 
By  su|>etimposiiig  the  results  for  an  array  of  Injected  drops,  assumed  not  to  interact  with  one  another,  one  may 
find  the  local  fluctuation  of  vaporization  rate  throughout  the  chamber.  That  is  the  mass  source  term  u>j  in  the 
continuity  equation  v2.i)  for  the  gas  phase. 

Heiiimonn  and  Wisher  (1966a)  defined  a  “response  {actor”,  N,  to  interpret  their  results: 


(3.151 


where  £  here  denotes  the  sum  over  all  droplets  in  the  volume  considered.  They  gave  results  for  N  os  a  function  of 
various  parameters.  Typically,  H  shows  a  peak  of  about  .6- .9  in  a  frequency  range  ,04-. 1  Hertz.  Results  obtained 
for  U'heptone  over  fairly  wide  How  conditions  were  correlated  with  a  dimensionless  parameter  containing  droplet 
size,  chamber  pressure,  gas  velocity  and  a  dimensionless  amplitude  of  the  oscillation. 

In  a  later  work.  Heidmann  and  Wieber  (1966b)  used  a  restricted  form  of  Rayleigh’s  criterion  and  a  simpler 
linear  analysis  to  produce  essentially  the  same  «  tclustous.  The  new  definition  of  the  response  factor  was 
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These  analyses  amount  to  detailed  egiminatiou  of  a  particular  process  contributing  to  the  tutte  tag  discussed 
above.  Substitution  of  the  real  part  of  (3.141  in  (3  lt>)  gives 


(V  5  n(l  ■=  VOS off)  (3  lit 

(feidtuann  and  Wieber  found  that  their  numerical  tesulu  could  be  approsintated  uutte  wU  m  the  range  r.v  <  l 
by  the  values 


H  =  0.31 
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It  is  significant  that  none  of  the  preceding  conclusions  involved  combustion:  the  assertion  is  that  coupling 
between  pure  vaporization  and  the  t. caustic  field  produces  net  flow  of  energy  to  the  oscillations  in  the  gas.  The 
contrary  conclusion  was  reached  by  Marble  and  Wooten(1970)  and  Marble  (.1969),  that  both  condensing  and 
vaporizing  droplets  attenuate  acoustical  motions. 

The  reason  for  the  opposite  conclusion  seems  to  be  that  not  all  interactions  between  the  droplets  and  the 
acoustic  field  are  accounted  for  in  the  calculations  by  HeidmanD  and  Wieber  and  by  Tong  and  Sirign&no  Their 
conclusions  were  based  on  using  Rayleigh’s  criterion,  but  only  one  term  was  considered.  They  argued  that  by 
analogy  with  Raleigh’s  original  statement  concerning  fluctuations  of  heat  addition,  the  same  criterion  should 
apply  to  mass  addition.  Therefore,  as  in  equation  (3.16)  only  the  integral  involving  to}  was  computed;  a  positive 
value  indicates  the  possibility  for  driving  the  acoustic  field.  However,  the  derivation  in  Section  2.5  has  shown 
that  the  correct  form  of  the  criterion  involves  several  contributions.  Considering  only  those  associated  with  the 
conversion  of  liquid  to  gas,  we  combine  equations  (2.84)a,b  and  (2.83)  to  find 

2  t+r*  t 

ASn  =  J  [(7  -  1  w,  +  (S,  -  e>;  +  (h',  -  e'  -  j-)w,)  (J  w) 

+ 7  (SFj  +  tDiSfft)  ■  ajdt 

There  is  indeed  a  term  proportional  to  the  integral  of  i«jp’  but  it  is  multiplied  by  (hi  ~e)  which  contains  the 
heat  of  vaporization.  There  are  also  significant  amounts  of  energy  transfer  associated  with  the  terms  involving 
SQ J  +  St y  which  for  non-vaporizing  drops  represent  the  attenuation  of  f  rund  waves.  Those  effects  are  included 
in  the  work  by  Marble  and  Wooten:  their  results  show  that  the  accompanying  energy  losses  dominate  so  that  in 
fact  if  combustion  is  ignored,  vaporizing  droplets  cause  damping,  not  driving,  of  unsteady  gas  motions. 

We  must  emphasize  that  the  conflicting  results,  and  the  conclusion  that  vaporization  is  not  a  mechanism 
for  driving  combustion  instabilities  rests  on  proper  computation  of  the  energy  transfer.  In  the  earlie-  work, 
an  incorrect  or,  rather,  incomplete  form  of  Rayleigh’s  criterion  was  used.  It  is  certainly  true  that  the  process 
represented  by  wjp'  alone  does  cause  driving  if  the  fluctuation  of  mass  release  has  a  component  in  phase  with 
the  pressure  fluctuation,  but  that  is  only  part  of  the  story. 

Pricm  (19S8)  has  recently  used  Heidmaun  and  Wieber’s  model  of  vaporization,  combined  with  the  model 
worked  out  by  Feiler  and  Heidmanu  (1967)  for  a  gaseous  fuel,  to  study  combustion  instabilities  in  the  LOX/indlt- 
nne  system.  He  bases  his  conclusions  concerning  stability  boundaries  on  numerical  results  for  the  combustion 
responses,  of  which  that  f  liquid  oxygen  is  computed  with  equation  (3.16)  and  the  method  described  above;  and 
oti  corresponding  results  found  for  the  losses  associated  with  the  exhaust  nozzle  ami  baffles.  His  results  seem  to 
compare  fairly  well  with  recent  experimental  work.  The  reason  that  this  could  be  so  -  even  though  vaporization 
causes  net  energy  losses  if  ali  contributions  are  accounted  for  -  is  that  tho  energy  released  by  combustion, 
immediately  following  vaporization,  is  the  dominant  factor.  That  is,  in  equation  (3.17)  the  terms  involving 
energy  transfer  arc  larger  than  those  representing  losses.  Comparison  with  experimental  results  seems  always  *o 
involve  multiplicative  factors  which  are  determined  to  provide  best  fit  to  data,  or  are  absent  in  normalized  forms. 
Then  when  good  agreement  is  found,  it  seems  that  it  is  largely  the  qualitative  behavior  that  is  being  checked. 

Despite  the  heavy  emphasis,  in  many  works,  on  vaporization  ns  the  rate  controlling  process,  it  is  generally 
recognized  that  other  processes  contribute  and  in  some  situations  may  he  dominant.  The  injection  process  itsel! 
may  be  affected  under  unsteady  conditions  due  to  the  varying  st-eums,  impact  of  jets,  and  atomisation  all  are 
sensiti.e  to  unsteady  How  fields.  Those  problems  are  extremely  complicated  difficult  to  describe  in  a  fashion 
suitable  for  use  in  a  general  analysis,  and  are  very  much  dependent  on  details  of  the  hardware.  Tlnu  the  work 
has  largely  been  experimental  with  some  effort  to  correlate  remits  in  n  form  useful  for  design  [e.g.  Levine  (1564), 
Sutter,  Woodwind  awl  Clayton  (1969);  Webber  r  1972);  Wobbei  nud  Hoffman  ( 1972)|-  Thu  time  lag  model  has 
been  used  essentially  ns  u  menus  of  correlating  all  of  those  processes  without  concern  for  details  (Reardon.  Crown 
and  Harrjo  (1964);  Reardon,  McBride  mid  Smith  (I960)].  Summaries  of  experimental  results  obtained  prior  to 
1971  may  ho  found  in  the  reference  volume  edited  by  Hnrrje  and  Reardon  (1972) 

Of  recent  work,  the  most  fundamental  anti  detailed  Is  that  carried  out  at  ON  fill  A  a*  a  mailt  *>f  ptoldoni. 
due  to  combustion  instabilities  in  the  Viking  motor,  Special  effort  has  been  made  to  understand  the  unsteady 
behavior  of  the  injectors  used  hi  that  engine,  The  intentions  of  the  research  program  were  detritus!  by  Snuehlet, 
Lemoine  and  Dorvtlle  (1982);  and  by  Lourme  mid  Schmitt  (1083),  Considerable  effort  lies  since  he-qi  expended 
to  characterize  the  steady  and  unsteady  behavior  as  the  basis  for  analyzing  instabilities  in  tin  engine  (Luuftu*-, 
Schmitt  and  Brnult  (1984);  Lecourd,  Fnuennd  and  KuvuUutanu  (1989);  bourn,,’  (IttSBj;  l.mnud  and  Foneaud 
(1987)).  The  results  range  from  rlete'led  measurements  of  tin*  spray  (droplet  alee  and  velocity  dot  titan  but*  >  t<> 
the  move  global  unsteady  response  of  the  injector,  using  a  device  adapted  from  a  method  developed  fur  wdiil 
propellant  rockets,  Incorporation  iff  the  results  of  these  works  In  analyst,  of  the  instabilities  in  ’mimes  i*  iti 
progress, 

3.3  Convective  Waves 

Following  work  by  Kovnsuiay  (1933),  Chu  and  Kovttsmoy  (I93T)  shmv"d  one  wiiy  of  throttl, awing  general 
small  disturbances  of  a  viscous  compressible  fluid  into  tf  tee  classes;  aroustk,  viscous,  and  emtopy  wi  ves 
Acoustic  waves  carry  no  entropy  changes,  while  viscous  and  entropy  waves  have  mt  heeumpunying  pressure 
fluctuations.  The  direet  effects  of  viscous  »irt>"*e»  attd  bent  conduction  tut  euiubii.llw:  lustahlUiles  are  gertetntt} 
negligible  except  In  the  vicinity  of  surfaces.  That  entropy  fluetuntimii  evidently  have  second  order  effects  on  tie 
acoustic  waves  is  implied  by  the  formal  analysis  revered  in  SeetL.ft  2;  there  wa*  no  need  to  ittiteuhiee  rite  entropy- 

However,  both  viscous  effects  and  nommiform  entrap}'  ntay  affect  the  acottrtli*  held  imiirectiy  through  pro 
cesses  at  the  boundaries,  First  we  examine  here  the  possible  influences  of  entropy  tlurtuaiion*.  Those  fett  within 
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the  general  class  of  convective  waves,  that  is,  disturbances  that  are  carried  with  the  mean  flow:  their  propagation 
speed  is  the  average  flow  speed.  Entropy  fluctuations  are  associated  with  the  portion  of  temperature  fluctuations 
not  related  isenttopically  to  the  pressure  fluctuation;  such  as  non-uniformities  of  temperature  due,  for  example, 
to  combustion  of  a  mixture  having  non-uniformities  in  the  fuel/oxidizer  ratio.  In  general,  an  entropy  wave  may¬ 
be  regarded  as  a  nonuniformity  of  temperature  carried  with  the  mean  flow. 

As  shown  by  Chu(1953)  pressure  waves  incident  upon  a  plane  flame  will  cause  generation  of  entropy  waves 
carried  downstream  in  the  flow  of  combustion  products.  Thus  one  should  expect  that  when  combustion  insta¬ 
bilities  occur,  there  must  be  ample  opportunity  for  the  production  of  entropy  fluctuations.  That  process  has 
negligible  effect  directly  on  stability  (the  coupling  between  acoustic  and  entropy  waves  is  second  order  within  the 
volume)  but  there  has  long  been  interest  in  the  possible  consequences  of  entropy  waves  for  the  following  reason. 

When  an  entropy  wave  is  incident  upon  the  exhaust  nozzle,  it  must  pass  through  a  region  containing  large 
gradients  of  mean  flow  properties.  A  fluid  element  must  retain  its  value  of  entropy  and  for  this  condition  to  be 
satisfied,  the  pressure  and  density  fluctuations  cannot  be  related  by  the  familiar  isentropic  relation,  tp  ~  ftp.  As 
a  result,  within  the  nozzle  pressure  changes  are  produced  that  will  generate  an  acoustic  wave  that  will  piopagute 
upstream.  Thus,  an  entropy  wave  incident  upon  an  exhaust  nozzle  can  produce  an  acoustic  wave  in  the  chamber, 
augmenting  the  acous'ic  field  due  to  other  sources. 

An  artificial  elementary  example  will  illustrate  the  proposition.  Consider  a  chamber  admitting  uniform 
constant  mean  flow  at  the  head  end,  say  through  a  choked  porous  plate;  the  flow  exhausts  through  a  choked 
nozzle  (Figure  3.4).  Suppose  that 


U 


FIGURE  S.i 

at  the  head  end  a  heater  is  placed,  arranged  so  that  its  temperature  emt  be  varied  periodically,  with  frequency 
•*'.  Titis  action  produces  a  continuous  temperature  or  entropy  wave  converted  with  the  flow.  An  experimental 
realization  of  this  situation  line  been  described  i»y  Zukuski  and  Auerliaeli  (1970).  We  assume  no  losses  within 
the  flow,  so  a  fluid  element  retains  its  entropy;  small  perturbations  s*  of  the  entropy  satisfy  the  equation 

i)s‘  Os' 

W  +  «§;*0  ll.S) 

If  S  is  the  amplitude  of  the  fluctuation  at  lire  heater  (  ;■  b  0),  the  solution  for  s'  U 


To  simplify  the  calculations,  assume  that  the  flow  speed  Is  vanishingly  small  «>  that  rve  may  ignore  Its  effect 
o«  acoustic  waves  (we  relax  this  assumption  in  Section  51.  Then  the  acoustic  pressure  and  velocity  Helds  can  he 
expressed  as  sums  of  rightward  and  leftward  itaveTmg  plane  waves; 


p'  a(P,r“-*  +  P,»-‘*VW' 
"“'Ir  “*•" 


(3JUW.4 


A.*  mual.  the  complex  wavenumber  ft  It  a  («?  -  in  1/e  The  acoustic  pressure  ami  velocity  must  in  this  problem 
satisfy  the  classical  aeueoiie  momentum  equation,  it  2?)  with  a  T  =  th 

9»‘  dp‘  „ 

+  =  B  133U 

Sejtatatc  substitution  of  the  forms  ftw  the  rightward  an)  left  war*!  'taceiing  waves  allows  that  Ut>  l*t  arc  tclatcd 

by 

(«V,  a  V,  ;  put',  a  4*  .  (323) 

Awntne  that  ibe  head  real  acts  no  a  perfect  teibvtnr  for  the  acoustic  waves.  «o 


t.*e«i  f-atl  (4ss0)  i3.33rt.* 

01 

tn  a  rcai  ease  (e.|p  tf  the  heater  were  actually  a  flame)  the  ptosMttc  fluctuation*  would  cause  fluctuations  of 
etdrnpy  at  the  head  end.  Tbpquomta  this  eflrtt,  set  a*  proportional  top'  a:  t  a  th 

fraO)  (2241 
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Tsien  (1952),  Crocco  (1953)  and  Crocco  and  Cheng  (1956)  have  shown  that  the  boundary  condition  at  the  nozzle 
entrance  may  be  written  in  the  form 

p' +  paAiu' +  AjS1  =  0  (s  =  L)  (3.25) 

We  may  now  show  that  the  problem  formulated  here  admits  solutions  representing  steady  acoustic  oscil¬ 
lations  in  the  chamber,  whose  stability  depends  on  the  values  of  the  coefficients  Ao,  A, ,  A?.  We  eliminate 
the  unknown  amplitudes  5,  P+,  P_  and  obtain  a  characteristic  equation  for  the  complex  wavenumber  fc,  by 
satisfying  the  boundary  conditions  (3.22)-(3.25).  Substitute  equations  (3.20)  and  (3.22)  into  (3.23)  to  find 

P+  - P-  =  0  (3.26) 

With  (3.19)  and  (3.20)a,  the  condition  (3.24)  is  satisfied  if 


5  =  Ao(P+  +  P-)  (3.27) 

Finally,  substitution  of  (3.19),  (3.20)a,b  and  (3.27)  in  (3.25)  gives 

((1  4-  A,)eil1  +  A0AJeiui]P+  +  [(1  -  AOe-'*1  +  A0A2e‘uL]P_  =  0  (3.28) 

With  P-  =  P+  from  (3.26)  we  have  the  characteristic  equation 

einL  =  -Ai+  2AoAje'(i+u,i]  (3.29) 

U  +  A,) 

Generally  Ao,  At,  A 2  are  complex  numbers.  The  real  and  imaginary  parts  of  (3.29)  provide  transcendental 
equations  for  the  real  and  imaginary  parts  ( u/a,  a/a )  of  k.  The  solutions  are  unstable  if  a  >  0,  corresponding  to 
self-excited  waves.  Note  that  in  the  limiting  case  of  no  entropy  fluctuations  (  Ao  =  0)  and  a  rigid  wall  (Aj  — »  00) 
at  r  =  L,  (3.29)  reduces  to  e‘2tt  =  +1  or  cos 2k L  =  1  and  sin2 kL  =  0.  Then  k  -  mt/L  and  the  allowable 
wavelengths  are  A  =  2ir fk  —  2L/n,  the  correct  values  for  a  tube  closed  at  both  ends. 

This  example  suggests  the  possibility  for  producing  instabilities  if  entropy  waves  are  generated  and  if  those 
waves  interact  with  the  boundary  in  such  a  way  as  to  produce  acoustic  disturbances.  It  is  in  fact  a  genuine 
possibility  that  has  been  considered  both  in  laboratory  tests  and  as  an  explanation  of  instabilities  observed  in 
actual  engines.  Tne  difficulties  in  applying  this  idea  are  largely  associated  with  treating  the  processes  responsible 
for  causing  the  entropy  waves. 

In  a  combustion  chamber,  possible  sources  of  entropy  fluctuations  may  be  distributed  throughout  the  cham¬ 
ber,  Burning  of  non-uniform  regions  of  fuel/oxidizer  ratio  and  interactions  of  pressure  distributions  with  com- 
bastion  zones  are  important  causes,  both  producing  non-isentropic  temperature  fluctuations.  Thus  in  general 
the  property  that  in  inviscid  flow  free  of  sources  an  element  of  fluid  lus  constant  entropy,  is  inadequate.  A 
proper  description  of  entropy  waves  should  be  placed  in  the  broader  context  accounting  also  for  convective  waves 
of  vorticjty  as  worked  out  first  by  Chit  and  Kovassmay  (1957).  We  cannot  provide  a  complete  discussion  here, 
hut  for  later  purposes  in  Section  5.3  it  is  helpful  to  have  at  hand  the  more  general  equation  governing  entropy 
fluctuations, 

Combination  of  the  first  law  of  thermodynamics  for  a  perfect  gas  and  the  definition  ds  =  dq/T ,  valid  if  the 
heat  transfer  </</  is  not  too  abrupt,  gives 

T  fly  Pj 

Now  introduce  the  perfect  gas  law  to  eliminate  the  temperature  change.  Writing  the  result  for  motion  following 
a  fluid  element  we  have 


1  Ds  1  Dp  ‘j  Dp, 
TT,  Dt  =  P  Dt  ~  p,  Di 


(3.30) 


where  D/DI  ®  0/01  +  J,  •  V  is  the  convective  derivative.  After  substitution  of  (2.18)  and  (2.20)  we  find  the 
equation  for  entropy, 


yrj~  a  4  +  vf  +  ♦  +  (Piit7|) 

t-n  Lit  P4 

+  f(A|  ”  *)  + 

The  right  hand  side  contains  ait  sources  of  entropy  changes  including  viscous  effects  combustion  and  conversion 
of  liquid  to  gas. 

Equation  (3.31)  completes  the  set  of  equations  required  for  complete  analysis  of  combustion  instabilities 
including  entropy  waves.  The  equations  governing  vortieity  waves  are  obtained  by  splitting  the  velocity  field 
into  two  part*:  the  acoustic  field  which  Is  irrotatlonai,  and  the  rotational  vortieity  field  which,  if  treated  in  all 
generality,  Include*  turbulence  as  well  a*  large  vortex  structure*  and  shear  wave*. 

The  subject  of  convective  wave*  In  the  presence  of  acoustic  motions  has  uut  been  exhaustively  treated.  Some 
special  example*  are  discussed  hi  Section  5,3 
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3.4  Vortex  Shedding  and  Combustion 

The  presence  of  swirling,  spinning  or  vortex  motions  in  propulsion  systems  has  long  been  recognized  as  a 
serious  problem.  They  fall  broadly  into  two  classes:  those  with  angular  momentum  directed  along  the  axis,  usually 
(if  the  rocket  itself  isn’t  spinning)  related  to  standing  or  spinning  transverse  acoustic  modes  of  the  chamber;  and 
those  having  angular  momentum  mainly  perpendicular  to  the  axis,  associated  with  vortex  shedding  from  bluff 
bodies  or  rearward  facing  steps. 

Motions  identified  as  forms  of  transverse  or  tangential  modes  do  not  normally  qualify  as  mechanisms:  they 
arc  themselves  the  combustion  instability.  Male,  Kcrslake  and  Tischler  (1954)  gave  an  early  summary  of  severe 
transverse  oscillations  (“screaming”  at  10K  Hertz  )  and  noted  what  has  always  been  a  serious  consequence: 
greatly  increased  surface  heat  transfer. 

Here  we  are  concerned  with  vortex  motions  growing  in  unstable  shear  layers.  Those  vortices,  now  commonly 
called  “large  coherent  structures”  [Brown  and  Roshko(1974))  are  convected  downstream  at  approximately  the 
average  speed  of  the  two  streams  forming  the  shear  layer.  In  propulsion  systems,  the  shear  layers  in  question  arc 
generally  formed  in  flow  past  bluff  body  flame  holders  (in  thrust  augmentors)  or  past  rearward  facing  steps  (in 
ramjet  engines). 

Observations  of  vortex  shedding  from  flameholders,  and  recognition  of  the  importance  of  this  process  as  a 
possible  mechanism  for  combustion  instabilities  were  first  independently  reported  by  Kaskan  and  Noreen  (1955) 
and  by  Rogers  (1954)  and  Rogers  and  Marble  (1956).  Both  experiments  used  premixed  gaseous  fluel  and  air 
flowing  past  a  flameholder  in  a  rectangular  channel.  However,  the  particular  mechanisms  proposed  were  very 
different.  Figures  3.5  and  3.6  taken  respectively  from  Kaskan  and  Noreen  (1955)  and  Rogers  and  Marble  (1956) 
clearly  show  the  vortex  shedding. 


FIGURE  3.5 


FIGURE  3.6 

Motivated  partly  by  earlier  observations  of  Blacksheor  (1063)  and  Putnam  and  Dennis  (1953),  Kaskan 
and  Noreen  speetdated  that  stretching  of  tho  flamo  front  accompanying  roll-up  in  the  vortox  causos  a  pressure 
diatrubance,  Periodic  disturbances  generated  by  periodic  vortex  shedding  may  thou  sustain  oither  transverse  or 
longitudinal  acoustic  fields.  (They  observed  both  In  their  tostB.)  As  a  quantitative  basis  for  interpreting  their 
results  thoy  modified  a  theoretical  relation  derived  by  Cho  (1953)  for  plane  flames.  Although  thoy  had  modest 
success  comparing  their  reasoning  with  their  data,  Kaskan  and  Noreen  did  not  provide  a  complete  explanation 
of  the  closed-loop  process  required  to  generate  self-excited  oscillations.  This  mechanism  has  not  subsequently 
received  much  notice  us  a  cause  for  combustion  instabilities,  although  tho  idea  lias  recently  boon  revived  in 
connection  with  work  on  ramjet  combustion;  see  remarks  in  Section  5.3.2. 

Rogers  and  Marble  gave  detailed  reasoning  to  support  their  idea  that  delayed  periodic  combustion  lu  shed 
vortices  generates  periodic  pressure  pulses  that  serve  us  sources  of  the  acoustic  field  (transverse  in  their  tests). 
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The  fluctuating  velocity  of  the  acoustic  field  itself  initiates  the  vortex  shedding,  thereby  closing  the  loop.  Rogers 
and  Marble  drew  on  earlier  data  for  the  ignition  delay  in  flow  past  bluff  bodies  [Zukoski  and  Marble  (1955)]  to 
demonstrate  that  vortex  combustion  could  in  fact  occur  in  proper  phase  to  support  the  acoustic  vibrations. 

During  the  past  six  years,  the  idea  that  vortex  shedding  is  a  dominant  factor  in  mechanisms  for  many 
combustion  instabilities  has  gained  growing  support.  Practically  all  of  the  work  has  been  motivated  by  problems 
of  longitudinal  oscillations  in  ramjet  engines.  Even  . though  the  frequencies  are  substantially  lower  than  those  of 
the  oscillations  treated  by  Rogers  and  Marble,  the  essentials  of  the  idea  seem  to  hold  true. 

The  problem  of  longitudinal  oscillations  in  SmaU-^ranyet  engines  was  apparently  first  recognized  by  Hall 
(1978).  Rogers  (1980a,  1980b)  gave  thorough  summaries  of  the  available  experimental  work.  Those  reports 
served  as  the  basis  for  an  early  analysis  of  the  problem  by  Culick  and  Rogers  (1983);  that  work  did  not  include  a 
satisfactory  mechanism.  Concurrently,  Byrne  (1981, 1983)  proposed  that  vortex  shedding  in  a  dump  combustor 
appeared  to  be  a  likely  cause  of  the  observed  instabilities.  Apparently  unaware  of  the  earlier  work  by  Rogers 
and  Marble  on  transverse  oscillations,  he  based  his  argument  on  known  results  for  cold  jet  flows. 

Since  the  early  1980’s  a  great  deal  of'  attention  has  been  given  to  the  role  of  vortex  shedding  in  dump 
combustors,  both  in  cold  flow  and  in  laboratory  combustion  tests  [e.g.  Keller  et  al  (1982);  Smith  and  Zukoski 
(1985);  Biron  et  al  (1986);  Schadow  et  al  (1987);  Sterling  and  Zukoski  (1987);  Poinsot  et  al  (1987);  Yu  et  al 
(1987)].  There  is  little  doubt  now  that  indeed  the  coupling  between  periodic  energy  released  by  combustion  in 
shed  vortices  and  the  acoustic  field  is  the  dominant  mechanism  in  dump  combustors.  The  extent  to  which  the 
same  mechanism  is  active  in  contemporary  thrust  augmentors  is  less  well-established  but  there  is  good  reason 
to  believe  that  it  is  often,  if  not  usually,  the  main  cause. 

Extensive  experimental  work  on  vortex  shedding  in  shear  layers  and  jets  at  room  temperature  has  provided 
a  fairly  complete  picture  of  the  formation  of  vortices;  vortex  pairing;  and  the  general  features  of  the  flow  without 
heat  addition  [see  Schadow  et  al  (1987)  for  a  brief  review  of  the  literature  relevant  to  problems  in  ramjet  engines]. 
Tests  in' various  configurations,  including  those  appropriate  to  ramjets  [e.g.  Flandro  et  al  (1972);  Culick  and 
Magiawala  (1979);  Dunlap  and  Brown  (1981);  Brown  et  al  (1981,  1983);  Schadow  et  al  (1984)]  established  the 
ability  of  shed  vortices  to  drive  acoustic  resonances  over  a  broad  range  of  flow  conditions.  The  works  cited  above 
have  extended  that  conclusion  to  flows  with  large  heat  addition  accompanying  combustion  under  circumstances 
simulating  those  found  in  actual  ramjet  engines.  We  shall  discuss  those  results  further  in  Section  5.3.2. 

The  obvious  qualitative  importance  of  combustion  in  large  vortices  has  prompted  several  recent  analytical 
investigations  of  the  process.  Broadly  the  idea  is  that  the  shear  layer  is  formed  at  the  edge  of  a  bluff  body,  the 
high  speed  stream  consisting  of  an  unburnt  mixture  of  reactants;  the  low  speed  stream  is  composed  largely  of  hot 
combustion  products  forming  the  recirculation  zone  behind  the  body.  As  Smith  and  Zukoski  (1985)  and  Sterling 
and  Zukoski  (1987)  have  shown,  the  shear  layer  exhibits  widely  varying  degrees  of  stability  depending  on  the 
operating  conditions.  We  are  concerned  hore  with  cases  when  the  layer  is  highly  unstable,  a  situation  encouraged 
by  the  action  of  the  acoustic  velocity  forcing  oscillations  of  the  layer  at  the  lip.  Largo  vortices  may  then  rapidly 
form,  entraining  unburnt  mixture  on  one  side  of  an  interface,  with  the  combustion  products  on  the  other  side. 
A  flame  is  initiated  at  the  interface  and  the  question  to  be  answered  is:  how  does  the  rate  of  combustion,  and 
therefore  heat  release,  vary  as  the  vortex  rolls  up  and  propagates  downstream? 

Marble  (1984)  treated  an  idealized  case  of  a  diffusion  flame  initiated  along  a  horizontal  plane  when  simulta¬ 
neously  the  velocity  field  of  a  line  vortex  is  Imposed  along  an  axis  in  the  interface.  Elements  of  flame  initially  in 
the  interface  are  caused  to  execute  circular  motions  and  are  stretched  by  the  vortex  field,  causing  an  increase  in 
tho  rate  at  which  reactants  are  consumed.  The  expanding  core  contains  combustion  products  but  ns  the  vortex 
roll-up  continues,  the  rate  of  consumption  always  remains  greater  than  that  for  flame  in  the  flat  interface  having 
tho  same  length  as  that  In  the  rolled-up  vortex,  Karagozian  and  Marble  (1986)  carried  out  a  similar  analysis 
accounting  for  the  influence  of  stretching  along  the  axis  of  tho  vortex.  They  found  that,  following  a  transient 
period  during  which  tho  core  grows  to  its  asymptotic  form,  the  augmented  consumption  rate  is  unaffected  by 
axial  stretching.  In  those  cases  the  rate  of  heat  release  reached  a  constant  value  inonotonically:  there  is  no 
distinguished  period  of  pulsed  combustion  as  required  for  the  mechanism  for  instability  described  above. 

More  recently,  Laverdant  and  Candel  (1987, 1988)  have  treated  both  diffusion  and  premixed  flames  in  the 
presence  of  vortex  motion  with  finite  chemical  kinetics.  Their  analysis  is  entirely  mimerical  giving  good  agreement 
with  thoso  of  Karagozian  and  Marble  and  Karagozian  and  Manda  (1986)  for  a  vortex  pair. 

Perry  (1983)  also  analysed  the  influence  of  finite  chemical  kinetics  in  the  problem  posed  and  solved  by 
Marble  (1984)  who  had  assumed  infinite  reaction  rates,  Under  some  conditions,  tho  heart  release  rate  shows  a 
modest  peak  in  time.  However,  neither  his  resulti,  nor  those  of  Laverdant  and  Candel.  suggest  tho  sort  of  time 
delay  to  pulsed  combustion  one  might  like  to  see  to  complete  the  picture. 

No  work  has  been  accomplished  to  determine  whether  or  not  the  augmented  reaction  rates  found  in  the 
analysis  are  sufficient  to  explain  the  mechanism  of  instabilities  driven  by  vortex  combustion.  On  the  other 
hand,  the  experimental  results  reported  by  Smith  and  Zukoski  (1985),  Sterling  and  Zukoski  (1087),  and  Yu  et  al 
(1987)  show  vividly  and  beyond  doubt  that  unsteady  combustion  associated  with  vortex  motions  is  a  vigorous 
source  indeed.  Figure  3.7  is  a  sequence  of  photographs  taken  by  Smith  and  Zukoski  during  one  cycle  of  a  high 
amplitude  oscillation,  They  propose  the  following  mechanism,  A  vortex  is  initiated  at  the  edge  of  the  stop  al 
a  time  determined  partly  by  the  local  acoustic  velocity,  The  vortex  propagates  downstream,  releasing  energy  of 
a  rate  that  seems  to  reach  maximum  when  the  vortex  Impinges  on  the  wail.  In  order  for  impingement  to  occur 
at  a  favorable  time  during  the  acoustic  oscillation,  the  propagation  rate  and  hence  strength  of  the  vortex  must 
Increase  with  frequency.  Because  the  vortex  strength  depends  on  the  magnitude  of  velocity  fluctuation  initiating 
the  motion  at  the  Up,  It  is  necessary  that  the  steady  amplitude  of  the  acoustle  field  Increase  with  frequency.  That 
behavior  is  observed,  Moreover,  numerical  calculations  by  Hendricks  (1988)  have  shown  quite  similar  behavior 
for  the  unsteady  flow  induced  by  an  abrupt  change  of  veknrity  past  a  rearward  facing  step.  Figure  3.8  U  a  sketch 


taken  from  Hendricks’  work  showing  the  development  of  &  vortex  calculated  for  those  conditions. 
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FIGURE  i.l 

The  essential  ideas  of  vortex  combustion  as  a  mechanism  for  driving  instabilities  can  he  easily  Interpolated 
in  the  approximate  analysis  summarised  in  Sections  2.1  and  2.3.  There  is  ample  experimental  evidence  that 
targe  vortices  in  cold  Sow  can  sustain  rcsouancea  in  a  duet:  Flandro  (IMS)  has  shown  one  means  of  handling 
the  process  analytically  bawd  on  direct  Bold  mechanical  coupling  between  vortical  and  aeoustk  motions.  See 
also  Aaron  and  Ctdlcfc  (IMS)  for  an  elementary  mode)  of  coupling  associated  in  the  impingement  of  a  vortex 
on  an  obstacle.  Tt«U  with  combustors  have  shown,  however,  that  the  amplitudes  of  oscillation  are  substantially 
greater  when  burning  occurs.  That  result  is  moat  likely  due  to  the  unsteady  energy  release.  We  therefore  assume 
that  this  is  the  main  source  of  the  driving. 

Hence  in  the  forcing  function  P«,  equations  (2,45)  and  (2.44),  we  retain  only  the  term  O'  in  P,  equation 
(3.23):  Equation  (2.45)  for  the  timfrdapendeol  amplitude  of  the  n**  mod*  is 

^+v4,.-^/^dV  (132) 


A  formula  for  Q1  must  be  constructed  to  account  for  the  trajectory  of  the  vortex  and  its  associated  rate  of  energy 
release  along  the  trajectory,  lb  illustrate  with  a  simple  example,  we  consider  excitation  of  longitudinal  modes 
and  assume  that  the  vortex  travels  parallel  to  the  axis.  Within  the  one-dimensional  approximation,  that  implies 
averaging  the  presence  of  the  vortex  over  planes  transverse  to  the  axis.  The  situation  is  sketched  in  Figure  3  9. 
The  origin  z  =>  0  is  at  the  step,  which  is  not  the  location  of  a  pressure  anti-node.  In  fact,  we  must  allow 
acoustic  velocity  to  be  non-zero  at  the  beginning  of  the  shear  layer  at  z  —  0,  so  the  mode  shape  is 
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FIGURE  S.9 

=  cos  (kns  +  (3.33) 

The  values  of  b„  and  3>  can  be  set  by  imposing  a  boundary  condition  at  r  =  /  and  choosing  <ome  location  i  <  0 
for  a  pressure  anti-node.  For  example,  if  pressure  anti-nodes  occur  at  z  =  ~6Lq  and  c  -■  L  +  6lx.  the  two 
conditions  must  be  satisfied 

sin(-Mho  +  b)  =  0 

siu(kw(Z  +  i )  4-  dj  ^  0 

from  which  kH  and  d  can  be  determined.  For  the  purposes  here,  the  particular  values  of  fc„  and  <i  are  munaterial 
With  (3.33),  the  acoustic  pressure  and  velocity  are 

j/  “  P*)«(0  cos(4»{  +  d) 

<  >)n  ,  ,,  (3.33)0,  li 

u  «  -rr-sin(i',t  +  d' 

T'H 

For  simplicity,  assume  that  the  vortices  propagate  with  constant  spe- v,  and  art-  launched  periodically 
with  period  r»,  at  the  times  t  a  0.  r„  3r„  •  -  -.  Assume  further  that  these  are  point  vortiees  releasing  energy 
at  the  rale  v(l)  each.  Hence  the  energy  release  associated  with  a  train  of  shed  vortices  can  be  represented  by 
3-functioos  moving  with  speed  tv  multiplying  the  energy  release: 

GW)  a  -  v,f|  +  gr(t)g(*  -  M*  -  T*>!  +  -  u,(t  -  Sr,  )J  +  -  -  - 

■  -*»(♦•■ jn>l 

>«a 

In  accordance  with  the  behavior  reported  by  Sutith  and  ?.‘.tko»kl  we  should  relate  the  strength  of  each  vortex 
and.  therefore  by  assumption  its  energy  release  to  the  velocity  fluctuation  causing  its  hlrth.  For  simplicity  we 
ignore  the  influence  of  the  mean  flow  speed  and  set  proportional  to  tire  acoustic  velocity  at  the  step  and  at 
the  time  when  the  vortex  U  launched,  lienee.  we  assume 

<M«)  -  #/(0«,(0.jV  .  -  dad  (3  33) 

where  <j(t)  la  supposed  to  be  cummer  to  all  vortices.  Will:  (3  37)  Ut  v,(i),  differec '.late  (3  33): 

*  -£ -  ;j~L  da  *{«,</(«  - t.(*  -  jr.)|  -  f  Wl*  - '  ,(<  -  >r,)|)  (3.33) 

)<«  <*• 

Now  suhetitute  (3.33)  rJ  (3.33)  in  the  integral  0  \  the  tight  head  side  of  (3.30),  with  dV  -  S,Js  where  S, 
it  the  etosweectlen  area  of  the  chamber: 

J  ^  j  eosti^e  +  -  *»(t  -jt,)) 


•  iM1  -  ts  -  th*.*(*  -  jf«)J)di 


Ute  the  ptepertke 


Jh»  -  «)/(*)dc  a  /(a);  J i'(t  ~  «)/(*  )d*  •»  -/*(e) 
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/  =~S‘Yj  ki(? iW  c08ifc»"»(<  -  J>»)) 

^  1=0 


+  «>(<)*»  t>»  sm[*„v»(<  -  jtv]} 


(n.  =  MMaia<fl  (3.40) 

7™w 

Thus  we  have  an  expression  for  the  right  hand  side  of  (3.30)  representing  the  forcing  due  to  a  train  of  burning 
vortices,  launched  at  t  =  0,  t„,  2t„,  •  •  •  from  the  Up  of  the  step  at  z  =  0. 

The  results  (2.52)a,b  of  time  averaging  may  now  be  used  to  determine  the  functions  A„(t),  B„(i)  in  the  form 
(2.51)  for  ijn(t).  To  find  expUcit  results,  the  time  dependence  q(t)  for  the  energy  release  rate  of  each  vortex  must 
be  prescribed.  Although  contrary  to  the  results  for  vortex  combustion  cited  earlier,  we  assume  for  simplicity 
that  negUgible  energy  is  released  by  each  vortex  until  some  time  re  later,  the  time  delay  for  this  process.  Hence 
we  set  all  ?j(t)  equal  except  for  the  difference  in  the  times  of  initiation: 


«i(0  =  «»*[*-j(n  +  Tc)]  (3.41) 

With  this  form  the  integrals  in  (2.52)a,b  can  be  carried  out  expUcitly.  In  this  step,  consistent  with  the  approxi¬ 
mations  required  for  the  method  of  time  averaging  we  set 


t)»(jrv)  =  -u„[An(t) cosw„ -  B„(i)sinw„jrv) 

and  toko  A„(0,  B„(t)  to  be  constant  when  the  integrals  are  performed.  As  a  result,  the  formulas  (2.52)a,b  lead 
to  the  results  always  found  for  linear  behavior, 


dt  =  a"An  +  6"B" 
~2  =  a„B„-(!„B„ 


(3.42)a,  b 


Hence  the  on,,  $„  depend  ou  the  various  parameters  k„,  <t>„,  r„,  rc  etc.  introduced  to  define  the  mode  shape 
and  the  stream  of  vortices.  Their  particular  forms  are  unimportant  hero.  The  point  is  that  the  idea  of  producing 
combustion  instabilities  by  unsteady  combustion  in  vortox  shedding  can  be  translated  to  an  approximate  descrip¬ 
tion  allowing  correlation  and  interpretation  of  data.  The  details  of  applying  this  analysis  to  experimental  data 
are  presently  incomplete.  It  would  be  particularly  interesting  to  determine  whether  this  model  of  the  process 
predicts  frequency  shifts  as  large  as  those  sometimes  observed  in  laboratory  tests. 


4.  METHODS  OF  ANALYSIS 


Ultim-.teiy  the  purpose  of  research  on  combustion  Instabilities  Is  to  provide  the  basis  for  understanding  and 
curing  the  problem  In  actual  propulsion  systems.  Experimental  data  taken  with  laboratory  or  full-scale  devices, 
combined  with  analytical  estimates,  have  suggested  the  most  likely  mechanisms  for  instabilities.  Analysis  based 
on  the  conservation  equations  incorporating  one  or  more  of  those  mechanisms  provides  the  means  for  translating 
empirical  resnlls  to  a  form  useful  iu  design  and  development. 

Thus  the  analyses  of  unsteady  motions  that  have  been  carried  out  have  been  conditioned  to  a  considerable 
extent  by  the  a  priori  view  of  the  mechanism,  or  model,  chosen  to  represent  the  unsteady  combustion  processes. 
(That  is  not  entirely  a  necessary  rule,  but  seems  to  be  partly  a  social  matter  or  a  question  of  taste.)  In  this 
section  we  shall  cover  briefly  four  classes  of  analysis  that  seem  to  encompass  almost  all  of  the  work  that  has  been 
done  on  combustion  instabilities  in  liquid  rockets.  Historically,  Uie  problems  were  first  treated  for  liquid  rockets, 
research  in  the  subject  was  particularly  active  during  the  1960's  because  of  the  needs  of  the  Apollo  program. 
Some  of  the  ideas  have  since  been  adapted  with  suitable  modifications,  to  analyse  Instabilities  in  augmentors 
and  ramjets.  We  shall  discuss  those  subjects  in  Section  5. 


4.1  Numerical  Analysis  and  Simulation  of 
Combustion  Instabilities 


By  'numerical  analysis'  we  mean  works  that  are  devoted  to  solving  the  differentia)  conservation  equations, 
usually  in  nonlinear  forms.  Thus,  it  is  necessary  to  prescribe  in  complete  detail  the  mechanism  selected  ns  the 
cause  for  the  Instabilities,  In  view  of  the  discussions  in  Section  3,  it  is  therefore  net  surprising  that  numerical 
analyse*  have  uniformly  been  concerned  with  mechanisms  emphasising  Injection,  atomisation,  vaporisation,  and 
combustion  of  liquid  propellants, 

Priem  and  Guentert  (1963)  were  first  to  treat  combustion  instabilities  in  liquid  rockets  by  solving  numerically 
the  conservation  equations.  Their  approach  was  later  adopted  by  ether*  [notably  by  Hoffman,  Wright  and  Breen 
(1963)  hated  on  work  reported  by  Beltran,  Wright,  and  Breen  (1966) )  with  some  important  detailed  charge*,  but 
the  strategy  remained  unchanged.  The  work  has  been  summarised  in  Harrje  and  Reardon  (19T3),  pp.  194-207 
and  pp.  333-393. 

Because  of  computational  limitations,  only  one-  or  two-  dimensional  problems  were  treated.  The  two- 
dimensional  problem  was  formulated  far  concentric  annuli  In  the  chamber  (Figure  4.1)  The  nonlinear  conservation 
equations  were  solved  with  source  terms  representing  vaporisation  and  combustion.  Hoffman,  Wright,  nod 
Breen  distinguished  the  liquid  foe)  and  oaJdiser  and  were  able  to  represent  the  energy  release  somewhat  more 
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realistically:  for  example,  they  were  able  to  account  for  variable  oxider/fuel  ratio  and  conditions  when  either  fuel 
or  oxidizer  may  be  excess.  Moreover,  they  included the'droplet  drag  and  momentum  thransfer  between  the  liquid 
and  gas  phases.  They  assumed,  with  Priem,  that  the  vaporization  rate  was  quasi-steady,  but  they  improved  the 
representation  by  including  a  dependence  on  Reynolds  number.  Like  Priem,  they  assumed  also  that  combustion 
occurred  immediately  upon  vaporization.  As  an  improvement  in  detail,  they  used  a  lognormal  distribution  of 
sizes  for  both  the  fuel  and  oxidizer  droplets.  Break-up  and  atomization  of  the  injected  liquids  were  ignored. 


The  same  initial  value  problem  was  treated  in  all  these  works:  a  wave  having  sinusoidal  amplitude  distri¬ 
bution  around  the  annulus  is  initiated  with  maximum  amplitude  A  p/p.  It  is  time  evolution  is  calculated  as  it 
propagatees  around  the  annulus.  The  annulus  can  be  placed  anywhere  along  the  axis  of  the  chamber,  but  axial 
propagation  of  the  wave  is  not  treated.  Axial  locations  are  distinguished  because  the  properties  of  the  droplet 
sprays  vary  as  the  flow  proceeds  from  the  injector.  The  average  properties  of  the  spray  are  assumed  uniform 
within  an  annulus. 

Thus  the  wave  is  confined  to  an  annulus  and  the  chief  results  are  the  waveform  as  a  function  of  time 
and  space,  fkom  that  can  be  determined  the  growth  or  decay  of  the  wave  and  the  dependence  on  the  various 
parameters  characterizing  the  system.  It’s  a  curious  result  -  never  satisfactorily  explained  -  that  all  calculations 
apparently  showed  linear  stability.  The  initial  disturbance  had  to  have  finite  amplitude  in  order  to  be  amplified. 
When  unstable,  the  wave  steepened,  as  shown  by  Figure  4.2  taken  from  Hoffman,  Wright,  and  Breen.  Owing  to 
the  constraints  placed  in  the  problem  (especially  the  required  propagation  in  an  annulus  )  it  is  not  very  surprising 
that  the  possibility  of  finite  amplitude  transverse  waves  without  shocks,  predicted  by  Maslen  and  Moore  (1956) 
was  not  confirmed;  their  results  always  show  substantial  steeping  after  short  times. 
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FIGURE  IJ 

Figure  4.S  shows  some  of  the  main  results  found  by  Hoffman,  Wright,  and  Breen.  The  initial  maximum 
amplitude  of  the  wave  la  plotted  versus  a  burning  rate  parameter,  essentially  a  measure  of  the  average  energy 
release  rate  In  unit  volume.  The  curves  are  stability  boundaries:  for  values  of  amplitude  below  the  curve,  the 
wave  decays.  Several  boundaries  are  shown  for  values  for  a  ‘drag  parameter’  equal  to  1, 10  and  100.  The  drag 
parameter  Is  a  dimensionless  measure  of  the  momentum  exchange  per  unit  volume  between  the  liquid  and  gas 
phases.  Figure  4,3  Illustrates  the  obvious  result  that  the  region  of  Instability  is  decreased  as  the  momentum 
exhange  increases. 

Transverse  waves  have  long  hem  troublesome  and  destructive  Instabilities  In  liquid  rockets  |  Male,  Kerslske 
sndTischler  (1054);  Reardon,  Crosco  and  Harrje  (1964);  Levine  (1905);  Clayton,  Rogers,  and  Setter  (1968)].  The 
problem  had  motivated  the  analyses  described  above,  and  for  similar  reasons  Burstein,  Chinits  and  Schechter 
(1973)  also  carries  out  a  numerical  analysis.  Like  the  earlier  formulations,  they  treated  wave  propagation  in  an 
annulut,  including  the  Influences  of  a  droplet  cloud,  but  with  the  added  feature  that  they  could  Include  axial 
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F.0K4  EFFECT  IF  DUE  Ml  II  STABILITY  LIMITS 

FIGURE  J.S 


baffles.  Thus  their  main  contribution  seems  to  have  been  their  more  extensive  treatment  of  propagation  in  the 
axial  direction.  They  too  evidently  found  that  small  amplitude  waves  were  stable. 

The  serious  constraints  placed  on  those  earlier  works,  mainly  due  to  the  limitations  of  computational  re¬ 
sources,  cause  them  to  be  of  limited  value.  It  is  not  clear  that  the  problems  solved  have  been  formulated  in  a 
physically  consistent  fashion,  causing  one  to  question  the  meaning  of  the  results.  In  particular,  the  restriction  to 
wave  propagation  in  an  annulus  is  no  longer  an  acceptable  approximation.  Habiballah,  Lourme  and  Pit  (1988) 
have  recently  reported  their  most  recent  progress  in  a  program  devoted  to  modem  numerical  analysis  -  or  nu¬ 
merical  simulation  -  of  instabilities.  Although  the  calculations  are  being  done  specifically  for  the  Viking  engine, 
the  ideas  are  more  general  and  the  essentials  of  the  approach  are  broadly  applicable. 

This  sequence  of  works  has  been  previously  described  in  several  places  (Schmitt  and  Lourme  (1981);  Habibal¬ 
lah  and  Monin  (1984);  Habiballah,  Maraffa,  and  Monin  (1985)]  and  we  shall  not  cover  the  details  here:  the  results 
are  yet  to  he  completed.  The  work  amounts  to  be  as  thorough  as  possible  analysis  of  both  the  liquid  and  gas 
phases  in  unsteady  flow,  including  the  influences  of  turbulence  and  combustion  based  on  recent  analysis  and 
experiment.  A  series  of  two-dimensional  and  three-dimensional  computer  programs  is  being  constructed.  Ulti¬ 
mately,  solutions  (simulations)  will  bo  obtainod  for  the  conservation  equations  discussed  in  Section  2,  but  with 
careful  account  taken  of  chemical  species.  This  seems  clearly  to  be  the  proper  direction  for  current  and  future 
numerical  analysis  of  combustion  instabilities.  Only  with  full  use  of  modern  computational  resources  will  it  he 
possible  to  includo  the  necessary  details  of  the  processes  from  injection  to  combustion, 

4.2  Analyses  Based  on  the  Time  Lag  Model 

By  'time  lag  model’  we  mean  here  the  most  common  form,  expressed  by  equation  (3.14)  for  tho  unsteady 
conversion  of  liquid  to  gas.  Crocco  and  Cheng  (1956)  examined  various  elaborations,  including  spatial  variations 
of  the  sensitive  timo  lag,  but  here  we  shall  assume  r  to  be  uniform  everywhere  and  the  same  for  all  elements 
of  injected  propellant.  Also  we  shall  not  distinguish  between  oxidizer  and  fuel,  Both  assumptions  have  been 
adopted  in  almost  all  applications,  a  notable  exception  being  an  analysis  of  chugging  in  which  two  timo  lags  were 
introduced  (Wenzel  and  Saudi  (1965)]. 

Although  somo  analysis  has  boon  done  of  nonlinear  behavior  with  the  timo  lag  model  [Sirignano  and  Crocco 
(1904);  Mitchell,  Crocco  and  Sirignano  (1909);  Mitchell  and  Crocco  (1969)]  by  far  most  results,  and  all  appli¬ 
cations,  have  been  worked  out  for  linear  behavior.  To  illustrate  here  we  use  the  approximate  analysis  described 
in  Sections  2.2  and  2,3.  Although  differences  in  detail  will  arise,  the  results  will  contain  all  the  essential  ideas 
discussed  In  previous  works, 

Broadly,  the  centrnl  idea  is  to  use  the  formula  (2,72)  for  the  growth  constant,  a,  cvuluafaf  on  the  stability 
boundary,  so  o  =  0.  Those  terms  containing  u  will  of  course  depend  on  tho  interaction  index,  n,  and  the  time 
lag,  r.  If  we  assume  that  all  other  contributions  to  the  formula  are  known,  then  the  condition  «  =  0  provides  a 
relation  between  n  and  r  that  must,  within  the  approximations  used,  hold  on  the  stability  boundary. 

There  is  no  need  to  work  out  all  details.  Comparison  of  equations  (2.90)  and  (2.96)  shows  that  equation 
(2.72)  will  take  the  form 

o  *  Ci  J  t/>„t9jr>cfV  -  Cj 

where  Cj,  C*  are  constants,  The  constant  Cj  contains  the  various  effects  of  llqutd/gns  Interactions,  the  nozzle, 
mean  flow/aeoustles  Interactions  and  damping  devices,  Now  with  up  given  by  (3,13)i  Us  real  part  Is  n(l-cuswr), 
and  for  ««  0,  (4.1)  gives 

n(l-^T)-crrS^-Gj*  (4,l) 


1-33 


since  El  is  defined  by  (2.44)b  and  therefore  becomes  a  common  factor.  The  function  Gr  is  supposed  to  be  known, 
with  value  depending  on  the  various  parameters  (geometrical,  etc....)  defining  the  system.  Then  equation  (4.1) 
is  the  relation  between  n  and  r  referred  to  above. 

Figure  4.4  shows  the  unstable  regions  defined  by  equation  (4.1).  This  is  a  reproduction  of  Figure  4.2.2a, 
p.180,  in  an  article  prepared  by  Crocco  (Harrje  and  Reardon  (1972)].  The  calculations  carried  out  by  Crocco 
were  quite  different  from  those  summarized  here,  but  the  result  has  the  same  form,  another  illustration  of  the 
fact  that,  there  is,  in  certain  deep  sense,  only  one  ‘linear  stability  problem’.  Differences  in  detail  among  analyses 
arise  only  because  representations  of  processes,  and  therefore  characteristic  parameters,  may  differ. 


FIGURE  1.4 

In  this  normalized  form,  Figure  4.4  is  a  kind  of  universal  chart  for  the  n  -  r  model.  The  multiple  regions 
appear  because  of  the  factor  1  -  cos wr  in  (4,2)  and  correspond  to  the  multiple  peaks  in  the  response,  noted  in 
respect  to  Figure  3.3.  They  are  usually  not  physically  realistic  and  are  another  reflection  of  limitations  of  the 
elementary  time  lag  model.  A  formulation  of  the  n  —  r  model  showing  only  a  single  peak  was  reported  by  Crocco 
(1966)  but  need  not  be  discussed  here. 

For  applications,  equation  (4.1)  and  Figure  4.4  have  always  been  unfolded  to  give  plots  of  n  versus  r;  n  and 
r  versus  some  characteristic  parameter,  such  ns  the  fuel/oxidizer  ratio  as  in  Figure  3.2  above;  or  in  some  cases 
the  stability  boundaries  have  been  presented  in  terms  of  system  variables,  with  n  and  r  parameters  along  the 
curves. 


FIQUMJJ 

An  example  of  the  Utter  U  reproduced  ht  Figure  4.5  taken  from  Crocco,  Grey  and  Harrje  (I960).  The 
preparation  of  thU  figure,  and  other  quantitative  results  for  n  and  r,  real*  on  extensive  experimental  work.  In 
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all  cases  the  strategy  is  the  same:  the  stability  boundary,  marking  the  transition  between  stable  and  unstable 
small  amplitude  waves,  is  located  experimentally,  as  a  function  of  the  variables  defining  the  instabilities.  Then 
the  theoretical  relation  (4.1)  is  used  to  compute  the  required  values  of  n  and  r  along  the  boundary. 

That  procedure  has  been  used  successfully  to  interpret  longitudinal  modes  [Crocco,  Grey  and  Harrje  (I960)] 
and  transverse  modes  [Crocco,  Harrje  and  Reardon  (1962)  and  Reardon,  Crocco  and  Harrje  (1964)].  By  applying 
the  method  to  large  numbers  of  tests,  extensive  correlations  have  been  worked  out  for  the  interaction  index  and 
time  lag  as  functions  of  geometric  variables,  injector  design,  propellant  types  and  operating  conditions.  A  brief 
summary  has  been  given  by  Reardon  in  Harrje  and  Reardon  (1972),  pp.277-286.  Figure  4.6  is  an  example,  of 
results  for  n  and  r  determined  from  tests  for  storable  hypergolic  propellants,  with  various  types  of  injectors. 


FICURBIS 


Having  values  uf  n  and  r,  one  Is  now  presumably  In  a  position  to  return  to  the  theoretical  result  for  the 
growth  constant  and  apply  the  result*  to  designing  new  system*.  An  obvious  shortcoming  is  lliat  the  thna 
correlation*  enn  he  assumed  valid  only  for  the  system*  actually  tested,  How  far  the  results  can  he  extrapolated 
cannot  he  known  with  great  confidence.  Nevertheless,  tins  sembempirierd  approach  ha*  been  apparently  used 
successfully  both  a*  a  framework  for  correlating  data  and  a*  an  aid  to  design.  It  1*  essential  In  this  proccdc.se 
that  lire  same  theoretical  result  for  the  growth  constant  he  used  for  correlating  the  data  and  for  mhertptetu 
predictions.  Otherwise,  hiconsistent  and  meaningless  results  wilt  he  obtained, 

Although  the  Ideas  leading  to  tire  definition*  of  n  and  r  are  appealing,  the  time  lag  >m«lel  should  b«  regarded 
truly  a*  a  framework  for  correlating  data  and  not  a*  a  theory  explaining  fundamental  mechani/ms  of  combustion 
instahllitie*.  With  a  different  two.parnnwtee  representlon  of  the  unsteady'  process,  the  left  hand  ride  td  (4  It 
might  have  a  different  functional  farm,  but  the  formula  could  he  used  In  the  same  fashton  'o  Imerpret  *■• ability 
boundaries.  Only  the  bruts  of  the  correlations  would  he  changed. 

We  must  also  note  that  because  only  the  single  formula  for  the  growth  constant  (3  VP)  or  (4.1)  has  been 
used,  the  method  described  above  use*  one  equation  to  determine  two  mtknowns  (it,  r),  Thus  In  practice,  wane 
difficulties  may  arise  in  obtaining  consistent  lestuls,  That  trouble  Is  avoided  if.  mete  correctly,  both  the  teal 
and  imaginary  parts,  (3.73)  and  (173)  of  the  complex  wavenumber  are  used,  In  that  event,  measured  values  of 
the  frequency  are  used  and  since  (3,75)  contains  the  Imaginary  put  of  the  unsteady  mass  source  (1 U),  the  two 
equations  (173)  and  (173)  have  the  form 

w  «  w,  +  C*|  J  -  C* 


Hence  with  (114) 
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.  w  —  wn  C4 

"—ft/***  (42Ki 

n(l 

The  left  hud  sides  could  equally  be  regarded,  within  a  multiplier,  as  the  real  and  imaginary  parts  of  the  mass 


tijr*  =  -  coswr) 

u>S’’  =  win  sinurr 


(4.4  )a,  6 


ajid  correlations  could  be  done  with  tir  =  n(l  —  coetor)  and  u\  =  nsinwr  instead  of  (n,  r).  Thus,  even 
though  the  heuristic  argument  leading  to  tiq  in  the  form  (4.4)  is  based  on  a  time  lag  associated  with  motions 
of  the  propellant  (  a  Lagrangian  view),  the  end  result  is  equivalent  to  a  purely  Eulerian  representation  of  local 
combustion  process.  The  time  lag  associated  with  motions  in  space  can  be  reinterpreted  as  a  phase  lag  in  time 
at  a  fixed  location  in  space. 

The  formulas  (4.3)a,b  have  been  deduced  from  the  approximate  analysis  discussed  in  Section  ?  and  therefore 
have  a  particularly  simple  form.  Although  it  is  true  that  a  linear  analysis  will  always  produce  two  formulas,  for 
the  real  and  imaginary  parts  of  complex  wavenumber,  the  forms  may  be  wildly  different  in  detail,  depending  iu 
the  method  of  solution.  Crocco,  Urey  and  Harrje  M960)  solved  their  differential  equations  directly,  a  method 
used  later  by  Crocco,  Harry  and  Reardon  (1062)  and  Reardon,  Crocco  and  Harrje  (1964)  to  study  transverse 
inodes. 

The  time  lag  models  of  the  combustion  process  has  been  used  also  in  analysis  of  nonlinear  behavior,  both 
for  longitudinal  oscillations  (Shrigutmo  and  Crocco  (1964)'  Mitchell,  Crocco  and  Sirignaoo  (1969);  Crocco  and 
Mitchell  ( 1060))  and  for  transverse  oscillations  (Zinn  (1066);  Zinn  and  Saveli  (1968)).  in  those  and  other  works 
discussed  in  the  following  two  sections,  either  n  and  *  are  assigned  values;  or  the  unsteady  behavior  is  studied 
as  a  function  of  n  and  r.  Thus,  sufficient  experimental  data  had  been  gain  s)  to  support  the  time  lag  model 
that  it  could  be  used  in  a  general  fashion  for  theoretical  work.  However,  remarks  above  emphasise  that  this 
practice  really  amounts  an  using  any  coml-nstion  response  (raving  real  and  imaginary  parts  related  to  n  anti  t 
by  equations  (4.4)ab.  Expressing  resuhs  and  interpreting  behavior  iu  term*  of »  and  r  carries  no  uniqueness. 


4,3  Use  of  Green’*  Function  to  Compute 
Linear  Stability 


Beginning  in  the  late  1960V,  Mitchell  and  eo-wttrketi  (11972, 1675,  1979. 1984. 1983, 1986. 19871  introduced 
use  of  a  CitecnV  function  to  produce  an  Integral  equation  wived  by  intenuUh'o.  Good  summaries  of  this  approach 
have  been  given  by  Mitthrll  turn!  if-eiert  (1979)  and  by  Mltehel!  11884).  The  time  lag  model  was  assumed  to 
represent  tire  combustion  response,  the  reason  for  mentioning  those  stork*  here,  Apart  from  that  matter,  the 
method  la  attractive  ter  studying  camplleattvsv!.  such  ax  baffle*  and  resonator*  that  are  quite  awkward  ro  handle 
when  differential  equation*  are  toed. 

The  approximate  results  (2,93)  and  (?,84)a,t»  are  in  far1  the  Bret  order  term?  to  ao  iterative  procedure  fohr 
limit  used  by  Mitchell,  They  are  also,  a*  the  dUeuwloo  in  Section  5  showed,  found  by  applying  GalwhittV  method 
to  the  problem  of  linear  stahiUly  of  slnutaddal  disturbance*,  We  therefore  end  this  seethm  with  brad  twisty*.*  wl 
tfc*e  two  method*. 

With  the  Introduction  of  Creea’s  function,  a  differential  eqnatten  l*  converted  to  an  Integral  equate*  that 
may  he  eenvenlently  solved  hy  Ueratlan,  The  general  theory,  with  appllmiet**.  1*  thoroughly  described  by  Morse 
and  Rshhaeh  (1953).  Culkk  (1993)  find  applied  the  method  to  problem*  of  wmdmttioe  Instabilities;  it  was  haret 
adopted  hy  (Iherg  and  Ktdav*  (1969. 1971)  to  study  aeunitte  litter*. 

Mitchell  sod  Id*  eo>wwfltei»  (e  g.,  1969, 1979, 1K1, 1983)  hove  ehoae.tr  to  express  the  acoostk  Held  terns  *yf  a 
velocity  potential,  an  utrneeeessary  limitation  to  itr  owtienal  Sows,  a*  the  development*  In  Seethm  9  demomtiare 
We  can  iihutigte  the  essential*  of  his  method  telth  the  formulation  derived  here  The  problem  » to  solve  the 
tnhomogeneon*  equation  (331)  ter  the  pressure,  subject  to  the  boundary  condition  (2.33).  ift*  steady  wares,  ah 
dependent  variable  are  propaHlmj)^  to  *****  t  jd  a  $***'  and  equating  (241)  .1* 


Before  the  OteettV  fonetion  satisfying  the  same  equal**  as  j)  but  wHh  a  tudi  souve  at-  position  »*  and  boa** 
gateeia  boundary  eatsdilians 

A.VCl?K»)*8  ' 

Now  multiply  (4  5?  by  6(1?  •  r,).  (4.4)  by  6,  IntrgrUe  over  tire  rhwnbet.  me  Corn's  theorem  rtd  most  the 
boundary  coadilkm*  (343)  ahri  (4^)b  to  foal*  the  Vofotloa'  ter  ft 

is*  1*71 

*  la  tare*  raaaapaltia***,  tx*  aadoare  «f  wanaafca  n  area*.  r*«ly,  mg  it*  Mopretog  pagany  *1  (is  t*  raMt  Ctr |*b}  « 


I  lit 


It  is  convenient  to  ixpow  0{v  }  «s  nw  « »u  in  the  imiuutl  iii«hI<»  v«»  of  tie-  >yktri«i.  »..ri  l>n^ 

l2.35)».h.  That  is,  ii.smiiiu*  the  form 

f'(  r  |  r‘u  >  -  /l„(ru)0„(  rn) 

Substitution  in  (4.ti)a,  multiplication  l*y  ami  integration  over  the  chamber  g»v«-s 

A 

"  ***-*» 

tin  (in vtt's  filiation  is 

«{r  I  r;,)  -  ^2  *„< n  a  St 

Now  insert  (*1.8)  in  (4.7)  and  assume  I  lint  wr  are  examining  that  mode  which,  when  the  |*rrlurl»ati«m<i  v.tnoh 
t.  . lin  es  to  the  nth  classical  acoustic  inode.  Split  that  term  from  tire  remainder  of  the  expansion  nn<l  apply  th* 
noniuili/ation  ;»  »  V‘»  in  I  lie  limit  h  f  0.  Tlmse  operations  give  the  formula*  for  p  ami  k2. 

/'fit  -■  4„(r")  |  I J V»(ri)ft(r«)«rt'0  +  jjv.(ru)!{ra)ilSa\  <1  'Ji 

i'  t*  I  '4  10. 

Kquntion  (4.10)  is  exnefly  equation  (2.03),  except  foi  the  factor  pt)n  winch  apjwaietl  Im.t*u*c  to  obtain  (2  tj  ■} 
equation  (2.50)  was  usisl,  p#  /w)»r*4,w  (i.e.  here  pt)m  ~  1,  allowed  la’cause  theie  is  an  arbitriuy  factor  u<  tl.» 
him  mali/at  ion;  thus  ft  *  yn  in  (4.9)  while  in  (2.59),  y  =  )• 

Equation  (4.9)  shows  explicitly  tin*  perturbations  of  the  classical  mode  shape,  vB,  giving  the  actual  u*»d* 
shape  /#.  IWnuse  h  and  /  depend  on  /»'  and  it*  (i.e.  /i  and  «).,  equation  (4.0)  is  an  integral  equation  for  p  and 

of  course  k*  cannot  he  calculated  with  (4.9)  until  p  and  (r)  are  known.  In  the  approximate  na  tlmd 

in  Section  2,  we  simply  set  ft  m  *•„,  »7  ft?  i{u/tyhn)Vtl'n  and  use  (4.10)  directly.  To  proceed  further,  the  integral 
equation  (4.9)  must  In*  solved.  That,  is  where  most  of  the  labor  in  Mitchell’*  work  is  exj>cu<led.  lie  soh  1  the 

equation  numerically  using  nil  iteration  procedure.  We  shall  not  discuss  the  detail*  further. 

We  must  note,  however,  that  when  an  iteration  procedure  is  used,  care  must  lx*  exercised  that  all  tuino.: 
consistent  order  are  retained.  The  small  parameter  here  is  a  Mach  numl»rr,  M, ,  characterizing  the  average  flow 
Corrections  to  p  are  thus  of  r»rder  Mr\  that  is,  if  the  successive  stejw  in  the  iteration  are  labeled  plt\  thr 

piocedtire  gives: 

V‘n 

*•„  f  AW1 

%■„  I  Mr*'"  4  Ml*'"  «*tc 

1  lie  functions  h  and  /  me  eonstiucted  by  expansion  of  the  primitive  conservation  equations  according  to  (email* 
m  Section  2.2.  If  they  are  not  carried  to  order  higher  than  Jlfr,  then  it  is  vat  correct  to  proceed  lieyxmd  On* 
zeroth  approximation  //u)  «  »;•„  of  the  mode  shape  to  compute  k2  with  (4.10).  Thai  i*  why  the  approximate 
method  discussed  in  Sections  2.2-2.4  was  not  carries  I  to  higher  order.  To  carry  ji  and  u  to  higher  older  than 
allowed  by  tin*  construction  of  h  and  f  may  yield  iniHleading  and  incorrect  vrtultr.. 

Properly  used,  the  formulation  based  in  Goth'*  function  is  n  powerful  metliod  to  obtain  result*  for  rompli 
cared  problems.  For  practical  purpose*  it  is  much  superior  to  solution  of  the  differential  equalionti  (Wiring  to  »h* 

« ase  with  which  arbitrary  boundary  condition*  am!  volumetric  sources  ran  be  accommodated.  In  that  respect, 
this  method  has  the  same  advantages  as  the  approximate  method  discussed  earlier,  rxcrjK  that  use  of  Greek's 
function  as  descrilied  here  ami  in  Mitchell's  work  is  strictly  limited  to  linrar  problrms.  On  tlieotlier  hand,  thr 
approximate  method  given  earlier  is  a  form  of  Gnlerkiti's  method  and  can  be  used  to  analyze  nonlinear  lielutviro 

4.4  Application  of  Gnlerkln’s  MedinH 

Zinu  and  Powell  (1908,  1970)  lirst  published  work  applying  a  form  of  Galerkin'a  metliod  to  romlmstiou 
instabilities.  The  chief  difference  from  the  classical  Galerkin  s  method  was  addition  of  a  recipe  for  handling  the 
inhomogeneous  boundary  conditions.  In  tt  sulwquriit  nerics  of  pa|>cr*,  the  method  was  nurd  to  investigate  lmth 
longitudinal  and  transverse  instabilities,  with  main  emphasis  on  special  aspects  of  nonlinrar  Itchavior  |Powvl! 
and  Zinu  (1971,  1974);  Lores  and  Zinu  (1972,  1973)). 

Because  the  purpose  of  this  review  is  mainly  to  cover  characteristics  of  linear  stability,  space  does  mu 
permit  a  survey  of  nonlinear  problems.  That  Is  not  Intended  to  Imply  that  nonlinear  1*ehavlnt  Is  unimportant 
On  the  contrary,  there  is  much  to  l/e  learned  Imtli  theoretically  and  for  applications  to  design.  A*  implied  lw 
the  discussion  of  the  approximate  metliod  in  Section  2,  thi«  author  believes  tha:  the  most  promising  method  on 
lmth  count*  is  some  form  of  Galerkin’s  metliod. 


5.  REMARKS  ON  INSTABILITIES  IN  THE  THREE 
TYPES  OF  SYSTEMS 
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the  preceding  discussion  has  been  concerned  with  'natters  common  to  all  three  types  of  systems. 
Muclv -of  theswork  was  in  fact  carried  out  originally  for  liquid-fueled  rockets,  the  strongest  motivation  being 
applications  tb  engines  intended  for  the  Apollo  vehicle.  Some  of  the  ideas  and  methods  developed  for  liquid 
rockets  have  been  modified  or  extended  for  analysis  of  combustion  instabilities  in  augmentore  and  ramjets. 
Moreover,-  there  are  special  problems  peculiar  to  the  different  systems  themselves.  We  therefore  examine  now 
those  particular  matters. 

5.1  Combustion  Instabilities  in  Liquid  Rockets 

We  have  covered  almost  all  the  basic  material  related  to  liquid  rockets.  Little  work  was  done  in  the  problem 
in  the  later  1970’s.  With  the  flight  failure  of  an  Ariane  vehicle  due  to  combustion  instability  in  a  first  stage 
Viking  motor,  a  comprehensive  research  program  was  initiated  in  FYance  in  1981 .  Most  of  the  available  reports 
of  that  work  have  already  been  referred  to  and  little  more  needs  to  bs  added  here. 

Within  the  present  context,  the  most  important  parts  of  the  French  work  are  the  experimental  and  an¬ 
alytical  efforts  to  characterize  the  liquid  spray;  and  the  extensive  numerical  simulations  of  unsteady  motions, 
incorporating  the  results  obtained  for  the  propellant  sprays.  The  problem  causing  the  failure  involved  coupling 
between  the  pressure  oscillations  in  the  chamber  and  structural  vibrations  of  the  injector  which  is  placed  in  the 
lateral  boundary  (Figure  5.1  taken  from  Souchier,  Lemoine  and  Dorville  (1982))  Figure  51(b)  shows  the  com¬ 
puted  distortion  of  the  injector  plane.  As  a  result,  the  fuel  and  oxidizer  jets  were  shaken,  causing  (apparently) 
perturbations  of  the  distribution  and  phase  of  the  energy  release,  therby  closing  the  loop  and  making  possible 
self-excited  motions. 


W  (W 

FIGURB  S.l 

Such  effects  on  the  injection  processes  have  long  been  known  to  be  a  potential  cause  of  instabilities  |hevlne 
( 1066);  Hnrrje  and  Reardon  (1972)]  but  they  have  yet  to  be  well-characterised.  They  are  likely  to  be  particularly 
important  In  cases  when  the  amplitudes  of  motion  are  large.  It  is  quite  possible  that  the  farm  m‘  the  repress*- 
tatiou  of  the  unsteady  sources  of  mass  and  energy  are  strongly  dependent  on  the  amplitude*  of  motion  a*  well  a s 
on  the  hardware  design.  Such  behavior  it  far  outside  any  successes  of  the  time  lag  model  and  is  likely  to  remain 
so.  Careful  experimental  work  Is  essential  to  clarify  the  situation. 

During  tho  past  several  years,  serious  Interest  in  developing  new  liquid-fueled  rockets  has  grown  in  the  U.S. 
primarily  for  use  in  proposed  heavy  lift  launch  vehicles,  Because  of  their  high  densities  utd  good  performance, 
liquid  oxygon  end  hydrocarbon  fuels  are  being  considered  a»  propellants,  In  particular,  methane  lias  been  selected 
by  the  NASA  Lewis  Research  Center  it  the  favored  fuel.  A*  a  result,  studies  of  combustion  Instabilities  are  In 
progress  at  the  Aerojet  TbehSystems  Company  and  at  the  Rochet  dyne  Division  of  Rockwell  Internal  loo. 

Rocketdyne  has  designed  and  fabricated  two  engines,  for  lire  Lewi*  Research  Center  (LeRC)  and  for  the 
Marshall  Space  Flight  Conter(MSFC).  B»-th  we  LQX/methane  and  have  Identical  thrust  chamber*  but  different 
injectors.  The  MFSC  engine  ha*  an  acoustic  resonator;  the  leRC  engine  has  no  damping  device.  A  small  numbe* 
of  firings  directed  to  determining  stability  characteristics  have  been  completed  (Jensen,  Dodson  and  TVueUood 
(19S8);  Philippart  and  Moser  (1088)}, 
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Development  of  computer  programs  for  analysis  of  instabilities  is  in  progress  and  only  incomplete  reports 
have  been  used,  [Fang  (1984,  1987);  Fang  and  Jones  (1987);  Mitchell,  Howell  and  Fang  (1987);  Nguyen  (1988)]. 
The  program  1FAR  (Injector  Face  Acoustic  Resonator)  has  been  in  existence  for  some  years;  the  time  lag  model 
was  used  to  represent  the  combustion  process.  That  program  has  been  revised  and  modified  for  application 
to  both  retangular  and  axisymmetric  chambers  to  become  HIF1  (High  frequency  Intrinsic  Stability)  [Nguyen 
(1988)]. 

These  computer  programs  are  being  used  in  the  manner  described  in  Section  4.2.  With  all  other  variables 
and  parameters  specified,  the  values  of  n  and  r  are  calculated  on  the  stability  boundary.  Then  to  predict  whether 
the  engine  is  stable  or  not,  the  values  of  n  and  r  must  be  determined.  Traditionally  this  has  been  done  with 
correlations  exists  for  injectors  using  hydrocarbon  fuels,  so  as  part  of  their  work  the  group  at  Aerojet  ha-  been 
performing  sub-scale  tests  and  carrying  out  analysis  of  the  injector  response  [Muss  and  Pieper  (1087);  Nguyen 
and  Muss  (1987)].  The  analysis  and  tests  is  intended  to  provide  correlations  of  n  and  r  for  the  injector  with 
those  on  the  stability  boundary  calculated  with  the  analyses  cited  above. 

Aerojet  is  pursuing  a  program  combining  analysis,  sub-scale  tests  using  both  retangular  and  axisymmetric 
chambers  prior  to  full-  scale  firings.  The  chief  purpose  is  to  provide  as  certain  as  possible  basis  for  confidently 
predicting  the  stability  of  the  large  engines,  thereby  reducing  development  costs.  This  program  has  been  recently 
described  by  Muss  and  Pieper  (1988). 

Philippart  (1987)  and  Philippart  and  Moser  (1988)  have  reported  comparisons  of  predictions  of  the  sort 
mentioned  above,  with  firings  of  the  two  Rocketdyne  engines.  One  operating  condition  was  examined  for  which 
the  LeRC  engine  was  stable  and  the  MSFC  engine  was  unstable.  Three  calculations  of  the  stability  boundary 
in  the  n  -  r  plane  were  done,  using  the  programs  IF*  R,  HIFI  and  a  modified  from  (NDORC)  of  Mitchell  and 
Eekert's  (1979)  MODULE.  Figure  5.2,  taken  from  Philippart  and  Moser,  shows  the  results  obtained  with  H1F1 
for  the  two  engines.  Results  obtained  with  the  other  two  programs 
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riitb*  in  detail*  that  are  unint|Mtlau<  tot*.  Also  shown  as  filled  boxes  ate  estimate*  t»f  tie*  rnmlinsttir  response' 
tie.  the  value*  of  »  -  r)  based  on  rarrelutiuns  far  LQX/hydrugen  injector*.  Apparently  the  prediction*  of 
the  three  cork*  agteed  fairly  well.  However,  there  are  unmtatnltiei*  owing  to  (inferences  between  the  codes; 
a  dgnifieant  distinction  fit  that  (FAR  and  HIFl  assume  that  rontbusilon  t*  enneentiaied  in  a  transverse  plane, 
while  MODULE  1*  written  for  MM  combustion,  Comparison  with  the  test  data  is  ambiguous  and  must 
be  viewed  as.  preliminary  became  the  true  chaisctwhite*  of  the  injector*  are  unknown 

Jensen,  Dodson  and  TVoebfemd  {)9g$j  have  give*-  m  early  progress  repeat  in  their  teat*  with  the  Let! DCF 
engine  They  have  measured  gutwth  tales  (ai  and,  using  «he  MODULE  program,  haw  interred  the  necessary 
tallies  of  n  and  r.  Two  eaaiopte.  are  shown  in  Figure  5.3.  The  striking  result  fet  that  the  value*  of  the  interaction 
bides  are  found  to  be  considerably  jereater  than  those  computed  hy  Philippart  and  Moser  and  those  provided 
previous  correlations  of  data.  It  Is  impossible  at  this  point  to  determine  the  cause  fat  there  tllifatctKe*, 

Ala*  at  Rockuldyue  some  interesting  work  U  In  progress  to  analyte  the  -haf&cieristte*  of  spray*  vupoririug 
and  homing  under  *,eady  cundillmt*  (Liang  «  al  U&lfS,  ISMi).  The  calculations  are  being;  done  fee  various 
(njeeror  ryprs  plaeed  In  chamberso  with  provision  for  rurttpming  the  internal  tfcw.SsM,  When  esteuded  to  rover 
transienl  motions,  ltd*  work  Is  potentially  an  important  ronlrit  nfeut  to  analysis  of  combust  but  instahlliiks 
Imbed,  it  appear*  that  one  of  Site  mm  important  csitstanding  problems  in  the  subject  l*  the  predurtlon  of 
the  liquid  drops;  unsteady  spray  combustion!  and  iueorporwiion  of  the  result*  in  a  compile  facmatiatt  allowing 
icafatle  numerical  stoalatiota, 

S.l. t  Pu§o  Instabilities 

The  problem  of  low  frequent*'  POtlO  in**  abilities  is  weth  documented  and  understood.  Due  to  the  FOOD 
iustatsiiiy  in  the  Apollo  which,  it  u  aim  probably  the  host  known  among  people  otherwise  hot  familiar  with 
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FIGURE  5.S 

Low  frequency  instabilities  ('chugging')  arise  due  to  coupling  between  the  fluid  dynamics  in  the  combustion 
chamber,  and  the  propellant  supply  system.  They  are  perhaps  the  first  sort  of  combustion  instability  definitely 
identified  and  analyzed  for  liquid  rockets  (see  the  remarks  at  the  beginning  of  Section  3.1).  POGO  instabilities 
involve  the  further  complication  of  coupling  between  the  propulsion  system  and  the  structure  of  the  vehicle.  The 
low  frequency  structural  vibrations  are  the  origin  of  the  name,  by  analogy  with  the  motions  of  a  POGO  stick. 

During  the  1960’a,  the  POGO  instability  received  much  attention  as  a  serious  problem  in  several  vehicles 
including  the  Thor,  Atlas,  and  Titan  vehicles.  Rubin  (1966)  has  given  a  clear  brief  summary,  including  particular 
emphasis  on  pump  cavitation  and  wave  propagation  in  the  propellant  feed  lines.  Those  are  matters  often  over¬ 
looked  by  those  concerned  with  motions  in  the  combustion  chamber.  Yet  they  provide  significant  contributions 
to  time  lags  in  the  system. 

More  recent  work  in  FVance  has  been  reported  by  Dordain,  Lourme  and  Estoureig  (1974)  for  the  Europe  II 
and  Dimnant  B  vehicles;  and  by  Ordonneau  (19d6)  for  the  Ariane. 

5,2  Combustion  Instabilities  in  Thrust  Augmentors 

it  has  long  been  standard  practice  that  acoustic  liners  are  integral  parts  of  thrust  augmentors.  Since  high 
frequency  or  ‘screech’  instabilities  were  first  encountered  as  a  serious  problem  in  the  late  1940’s  and  early  195D’s, 
liners  have  bernt  developed  largely  by  trial  and  error  to  act  as  passive  control  devices  designed  to  suppress  the 
oscillations.  The  staff  of  the  Lewis  Laboratory  (1954)  compiled  most  of  the  existing  data  and  performed  some 
tests  to  provide  a  basis  for  general  guidelines  for  denigu;  Harp  et  al.  (1954)  reported  the  results  of  extensive  tests, 
also  at  Lewis  Laboratory.  Of  the  methods  investigated  to  solve  the  problem,  including  baffles  and  vanes  as  well 
as  adjusting  the  distribution  of  injectors,  perforated  Utters  worked  best.  Groups  at  Pratt  and  Whitney  Aircraft 
and  the  United  Aircraft  Research  Laboratory  had  already  tried  Helmholtz  resonators  and  in  1953  demonstrated 
the  first  successful  use  of  perforated  Uners  is  a  full-scale  afterburner  on  a  J5T.  The  physical  basis  for  the  success 
of  liners  is  explained  in  Section  6.1, 

Despite  several  attempts  to  develope  analytical  methods  and  a  more  quantitative  basis  for  design,  treatment 
of  combustion  instabilities  in  thrust  augmentors  has  remained  almost  entirely'  an  empirical  matter.  Kenworthy, 
Wohroann  and  Corley  (1974)  reported  the  results  of  an  experimental  program  devoted  to  studying  screech 
Instabilities  In  3  different  designs  of  imgmetitov*.  The  report  also  contains  analysis  used  to  correlate  data  and  to 
provide  some  quldance  for  design  of  acoustic  liners,  This  seems  to  be  the  last  extended  work  tin  high  frequency 
instabilities  In  full-seale  augmentors;  the  mechanism*  remain  obseure.  Chamberlain  ( 1983)  baa  given  the  most 
recent  status  report:  little  has  changed  in  the  past  decade,  it  seems. 

Perforated  liners  tike  lively  attenuate  the  high  frequency  uieiUatinn*  related  to  radial  and  tangential  acoustic 
nude*.  Low  frequency  instabilities,  often  called  'rumble',  tend  <«  lie  more  troublesome,  Liners  are  ineffective  at 
tow  frequencies  and  the  problem  'if  rumble  is  solved  or  reduced  in  practice  by  careful  control  and  coordination 
of  the  distribution  of  injected  fuel  and  the  nestle  opening,  It's  a  costly  process  to  develop  the  system.  Inevitably 
requiring  several  designs  of  the  Injection  system  and  ftameholders,  and  expensive  futl-scate  tests  in  altitude 
simulation  test  facilities 

The  problem  of  combustion  instabilities  in  thrust  augmeutors  is  arguably  more  difficult  then  that  In  liquid* 
rocket*  for  at  least  two  reasons;  the  processes  involved  In  flame  stabilisations  ere  sensitive  to  pressure  and 
velocity  fluctuations;  and  the  device  is  usually  required  to  perform  over  a  wider  range  of  operating  conditions, 
The  first  explains  the  importance  of  injector  and  flameMdcf  design,  As  a  restdt  of  the  second,  the  high  and  low 
frequency  instabilities  are  typically  found  In  dlflercnt  regions  of  the  Sight  envelope,  Figure  5.4,  reproduced  firm 
the  excellent  summary  (as  of  1971)  by  Bonaell,  Marshall  and  Rieeke  (1971)  Illustrate*  tire  point. 

taabUitka  in  the  lower  frequency  range  became  increasingly  troublesome  with  the  development  of  turhofan 
engines,  a  consequence  of  the  geometry  (see  Figure  5.5  taken  from  Bunnell,  Marshall  and  Rieehe  (1971 )  and  Figure 
3,8  taken  from  Zukoskl  (1985),  In  the  pure  turbojet,  the  fluctuations  may  peopegate  upsitetun  past  the  turbine 
disk  but  the  turbine  generally  seemi  to  act  as  a  good  reflector,  In  tan  engines,  It  Is  common  that  the  entire 
length  of  the  fan  duet  participates  in  the  oscillations,  reducing  the  frequencies  sometimes  as  low  as  SO  H*.  Sec 
RpheUoo  and  Raddiffe  (1953)  for  an  early  report  of  very  low  frequency  oscillations;  observations  in  turhofan* 
have  been  discussed  by  Bormeil,  Marshall  and  Rieeke  ( 1971);  Mach  (1971);  Ernst  ( 1978);  Underwood  et  al  (1977); 
and  Cultem  and  Johnson  (1979).  Figure  5,7  reproduce*  power  spectral  densities  taken  from  turhofan  augments** 
(Donnell,  Marshall  and  Rkcke  (1971)),  Because  of  the  totaling  parts,  spectra  of  the  aeoustk  field  in  gas  turbine 
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engine*  tend  to  exhibit  1  (rater  variety  of  discrete  oscillation*  than  do  tla»c  for  liquid  roekeU,  Tire  peak*  at 
the  higlier  freqnenek*  m  Figure  5,?{»)  are 1  screech '  mode*. 

The  eorubuttloe  prorate*  tu  an  augmeutor  differ  in  never*!  fundamental  reepeet*  (rots  those  in  a  liquid 
rocket,  Only  fuel  U  Injected  u  liquid;  the  oil  direr  it  unhurnt  oxygen  in  the  fuel-teen  float  from  the  bypass 
and  the  core  engine.  Three  are  no  impinging  fuel  and  oxidixer  liquid  tireamt,  but  the  formation  of  crept  and 
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FIGURE  5.7 

vaporization  of  the  fuel  must  obviously  occur.  Normally,  it  is  intended  that  the  fuel  drops  should  be  entirely 
vaporized  prior  to  ignition  in  the  core  flow  so  burning  occurs  in  the  fuel/air  gaseous  mixture.  Because  the  flame 
propagation  speed  is  less  than  the  flow  speed,  a  continuous  source  of  ignition  is  required,  normally  supplied  by 
the  wake  of  a  bluff  body,  the  flame  holder.  Clearly,  the  performance  of  such  a  system  depends  not  only  on  the 
flow  conditions  and  physical  properties  of  the  fuel  but  also  very  strongly  on  the  geometry  of  the  injectors  and 
flame  holders.  In  the  cooler  bypass  flow,  vaporization  is  not  completed  upstream  and  liquid  impinges  on  the 
flameholders;  the  liquid  layer  then  vaporizes.  Zultoski  (1985)  has  provided  a  thorough  and  readable  discussion 
of  the  combustion  processes  in  afterburners.  Figure  5.8  taken  from  his  article,  illustrates  the  general  features  of 
the  flow  in  the  vicinity  of  various  flame  holders. 


FIGURE  5.S 

According  to  the  preceding  remark*,  it  appears  unlikely  that  vaporisation  of  the  fuel  droplet*  1*  a  dominant 
mechanism  tor  combustion  Instabilities  in  augmented.  Nevertheless,  it  is  certainly  quite  possible  that  Interaction 
of  the  acoustic  field  with  the  injection  syitem  could  produce  fluctuations  of  the  fuel  flow  and  Itence  subsequent 
fluctuations  a!  fuel/oxldiier  ratio  and  heat  release  In  combustion.  The  process  might  be  modeled  in  terms  of  a 
time  lag  but  there  seems  to  be  no  treatment  of  this  tort  In  the  published  literature, 

One  would  suspect  that  processes  associated  with  the  flame  holder  may  dominate,  That  view  is  generally 
supported  by  practical  experience  with  the  strong  effects  of  flame  holder  design  on  Instabilities,  We  have  dtseussed 
In  Section  3.4  the  mechanism  based  on  vortex  shedding  and  combustion  suggested  by  Regers  and  Marble  (1938). 
Their  argument  Is  persuasive  and  there  has  never  been  evidence  disproving  that  process  as  a  possible  nwchatdsm. 
Theoretical  developments  and  the  necessary  laboratory  tests  have  not  been  carried  tar  enough  to  incorporate  Out 
proposal  In  an  analysis  suitable  for  general  design  work  with  arbitrary  geometries. 

Russell,  Riant  and  Ernst  (1978),  have  worked  out  a  one- dimension  si  analysis  of  instabilities  in  augmented 
the  work  it  also  discussed  by  Underhill  et  al  (1977).  Broadly  the  analysis  represents  the  aeoustie  field  as  a 
synthesis  of  up  and  downstream  traveling  aeoustie  waves,  and  entropy  waves,  as  In  the  eximple  discussed  earlier 
here  in  Section  3,3.  The  unsteady  heat  sources  are  derived  as  models  of  mixing  and  combustion  in  the  wakes  of 
the  flame  holders,  Bypass  and  eore  flow*  are  treated  separately  and  superposed  in  parallel,  if*  a  linear  analysis! 
the  equations  to*  the  time-dependent  variable*  are  solved  by  applying  the  Uplaee  transform.  Conditions  for 
stability  are  determined  by  applying  the  Nyguist  criterion.  It  is  difficult  to  understand  all  details  of  the  analysis 
bom  the  available  (abbreviated)  description.  Although  ■«««  success  wes  evidently  achieved  with  this  work,  it 


seems  not  to  have  been  widely  applied.  Moreover,  the  results  are  mainly  in  a  computer  program  which  has  not 
furthered  general  understanding  of  the  problem  although  it  may  have  been  useful  in  treating  particular  cases. 

Over  a  period  of  several  years  Dix  and  Smith  and  co-workers  developed  an  analysis  based  on  the  formulation 
published  by  Culick  (1963)  for  liquid  rockets.  See  Dix  and  Smith  (1971)  and  references  cited  there  for  a  description 
of  the  work.  Although  that  sort  of  approach  should  be  useful  in  treating  augmentors,  that  analysis  has  also  not 
be  widely  applied.  It  is  important  to  note  that  while  their  linear  analysis  is  correct,  Dix  and  Smith  committed 
some  basic  errors  in  trying  to  extend  their  calculations  to  nonlinear  behavior.  The  results  they  have  reported 
for  the  influences  of  the  amplitudes  of  oscillations  are  wrong. 

The  most  recent  work  in  instabilities  in  augmentors  seems  to  be  that  reported  by  Dowling  and  Bloxsidge 
(1984);  Langhome  (1988)  and  Bloxsidge,  Dowling,  and  Langhorne  (1988)  at  Cambridge  University.  Laboratory 
experiments  were  done  in  a  configuration  intended,  roughly,  to  represent  a  longitudinal  segment  of  an  augmentor 
(Figure  5.9).  A  flame  stabilized  on  a  single  vee  gutter  in  a  duct  supplied  with  premixed  gaseous  reactants  entering 
through  a  choked  nozzle.  With  modifications 


that  may  have  significant  influences  on  the  unsteady  behavior,  this  is  a  common  configuration  [Knsknn  and 
Norcen  (1954);  Hegde  et  al  (1986,  1987,  1988);  Reuter  et  al  (1988)).  The  work  by  Kaskan  and  Noreen  has 
already  been  described  briefly  (see  Figure  3.5).  They  worked  with  a  flame  stabilized  on  a  vee  gutter  whereas 
Hegde,  Reuter,  and  their  co-workers  at  Georgia  Tech  have  been  using  one  or  two  wives  to  stabilize  tho  burning, 
nithough  their  work  has  presumably  been  directed  to  applications  in  ramjet  engines  and  is  mentioned  further  in 
Section  5.3.2. 

All  of  these  works  are  concerned  in  some  broad  sense  with  flames  and  flame  instabilities  the  instabilities 
are  ultimately  manifested  as  vortices,  so  the  mechanism  for  the  instabilities  discussed  here  could  be  classified  ns 
vortex  shedding  and  combustion,  as  discussed  in  Section  3.4.  Another  similarity  among  these  works  is  the  use 
of  electromagnetic  radiation  to  identify  the  bent  released  by  combustion  products. 

Langhorne  (1988)  concludes  that  for  the  device  shown  in  Figure  5.9,  two  types  of  coupling  exist  between 
the  burning  processes  and  pressure  oscillations,  The  transition  between  ihe  two  occurred  in  a  narrow  range 
of  stoichiometric  ratio  around  0.85.  For  4  <  0,65  a  convective  wave  of  entropy  or  spots  of  high  temperature 
appeared  to  propagate  well  downstream  of  the  flame  holder.  With  increasing  d>,  that  convective  aspect  seemed 
to  have  been  confined  to  a  short  length  and  in  the  remainder  of  the  duet  the  treat  release  (as  measured  by 
radiation  from  Ct  and  C(0  seemed  to  he  in  phase  with  the  pressure  oscillation.  No  results  of  flow  visualization 
are  available  to  eonfirm  the  behavior  directly,  but  vortex  shedding  apparently  may  be  involved. 

Al  least  partly  as  a  result  of  the  two  kinds  of  coupling,  two  frequeneies  of  instability  were  nhseived  with 
larger  amplitudes  produced  at  higher  stoichiometric  ratios.  Bloxsidge,  Dowling,  and  Langhorne  (19SS)  have 
worked  out  an  Interesting  and  useful  one-dimcnsioiml  analysis  to  interpret  their  observations. 

Certain  aspects  of  the  Cambridge  result*  are  similar  to  those  re|«wtcd  by  Heitor.  Taylor,  and  Whit  claw 
(1084),  Sivesegnrnm  and  Whitelaw  (1087)  and  by  the  Georgia  Ttoeh  groups.  The  reason*  fur  the  similarities 
and  reconciliation  of  difference*  are  not  known;  a  sufficiently  general  analysis  has  nor  been  constructed  to 
accommodate  all  tire  result*  on  a  eommmt  Imsis,  There  is  little  doubt  that  more  than  one  nieclianbm  may 
act,  one  or  another  dominant  under  different  condition*,  Because  this  is  a  relatively  well-defined  situation,  (a 
premixed  fiame  in  a  duet)  the  problem  merits  further  attention  both  experimentally  amt  theoretically  to  Wing 
clearer  understanding  of  tire  behavior, 

5.3  Combustion  Instabilities  In  Ramjet  Engine# 

During  the  past  decade,  substantially  more  attention  ha*  been  paid  to  combustion  bistabilities  In  ramjet 
engine*  then  can  he  discus#*!  In  ltd*  paper.  Much  prioress  ha*  been  marie  hut  several  essential  problems  remain 
unsolved,  mainly  associated  with  the  conversion  of  liquid  fuel  to  gaseous  icactauls;  coupling  between  combustion 
processes  and  lire  unsteady  motions;  and  tire  inlet/diffnser, 

Sketches  of  two  typical  configuration*  are  strewn  in  Figure  5.10.  Most  contemporary  liquid-fueled  ramjets 
are  “Integral  ramjet  engine*1*.  The  combustion  eltawbcr  Is  initially  filled  with  solid  propellant  that  Is  Want  to 
Waul  tire  vehicle  to  supersonic  speed,  liquid  propellant  Is  injected  npstioam  of  the  region  where  the  flow  area 
abruptly  increases  at  the  “dump  plane**.  Flame  stabilization  to  achieved  thror-gh  continuous  ignition  by  the  Ire; 
combustion  products  in  lire  recirculation  none,  in  some  designs  additional  bluff  hotly  fiame  holders  may  also  be 
used;  and  occasionally  continuous  burning  of  a  pilot  Ught  may  he  requited. 

/.ukrtdd  ( 1985)  has  given  a  thorough  discussion  of  steady  fiame  MaUillttoation  lit  thrust  augmentor*,  Much 
of  that  material  applies  with  virtually  no  change  to  the  corresponding  problem*  iu  ramjet  engines,  The  presence 
of  the  rearward  (being  step  and  the  sensitivity  of  drear  layer#  and  reehentatimt  stares  to  fiuctuations  ha  the  ffow 
am  major  (actor*  in  the  problem  of  eomlmstton  Instabilities  in  ramjet  engines. 

Much  of  tire  outer  lid  we  have  coveted  (hr  ttquld-fuefcd  tucket*  and  tlirust  augmentor#  to.rehnant  as  well 
to  ramjet  engine*.  There  ate,  however,  several  distinguishing  feature*.  First,  unlike  the  cose  for  liquid  tucket* 
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but  similar  to  that  for  afterburners,  spray  combustion  seems  a  lessor  issue.  Although  the  published  evidence  is 
perhaps  not  wholly  conclusive,  (see,e.g,  Edelman  (1981);  Edehnan  et  al  (1981);  Harsha  et  al  (1981)),  it  appears 
that  in  operating  engines,  the  liquid  droplets  are  largely  vaporized  before  the  flow  reaches  the  zones  of  flame 
stabilization  and  combustion.  Hence  the  processes  in  those  regions  involve  mostly  gaseous  reactants,  a  great 
simplification  for  cany  tug  out  research  ou  combustion  instabilities;  very  little  experimental  work  has  been  done 
recently  in  the  coupling  between  spray  combustion  and  unsteady  motions.  Laboratory  tests  have  for  the  most 
part  used  gaseous  fuels. 

That  is  not  to  say  that  transient  processes  of  droplet  heating  and  vaporization  are  unimportant,  for  they 
are  surely  influential  in  arranging  the  distribution  of  fuel  over  the  plane  at  the  entrance  to  the  combustor.  But 
there  is  no  operational  or  experimental  evidence  to  support  the  proposal  by  Tbng  and  Sirignano  (1980a,  1980b. 
1987)  that  the  unsteady  conversion  of  liquid  to  vapor  is  a  potential  mechanism  for  instabilities.  Tins  matter 
has  already  been  discussed  in  Section  3.2  with  the  chief  conclusion  that  if  all  processes  except  comiiulien  ore 
accounted  for,  the  presence  of  evaporating  liquid  drops  is  a  stabilizing  influence  on  unsteady  motions.  We  shall 
not  consider  further  problems  associated  with  injection,  atomization  and  vaporization.  However,  it  is  true  that 
insufficient  attention  has  been  paid  to  the  distribution  of  fuei/oxhfizer  ratio  in  the  flow.  Lltlte  is  known  of  the 
details,  either  theoretically  or  experimentally;  yet  laboratory  test*  |e.g.  Schadow  et  al  (1987))  have  shown  that 
the  distribution  of  fuel  can  have  a  substantial  effect  on  instabilities ,  a  fact  that  has  tong  been  known  qualitatively 
from  experience  gained  in  engine  development.  (Rogers  (1980a,  1980b);  Grenleskt  et  a)  (1077)),  There  seems  to 
be  no  evidence  of  coupling  between  oscillation*  in  the  flow  and  the  fuel  supply  system.  Tims  no  oscillations  have 
been  observed  in  ramjet*  corresponding  to  'chugging*  or  PQQO  instabilities  in  liquid  rockets. 

5.3.1  Unsteady  Behavior  of  the  Inlet/DUfuser 

So  far  as  combustion  instabilities  are  concerned,  the  principal  feature  distinguishing  ramjet  engines  from 
liquid-fuel  rockets  and  afterburners  is  the  tniet/diifuier.  Within  the  inlet  a  system  of  shock  waves  exists  to 
provide  the  mas*  flow  and  stagnation  conditions  demanded  by  the  condition*  set  In  the  combustion  chamber  and 
exhaust  nozzle.  Under  normal  operating  conditions  the  shocks  are  located  downstream  of  the  geometric  threat 
In  the  expanding  supersonic  Row.  The  position  of  the  shock  depends  chiefly  in  the  stagnation  pressure  in  the 
combustion  chamber;  increasing  the  stagnation  pressure  Cannes  the  shock*  to  move  upstream  where  the  Mach 
number  and  therefore  toss  of  stagnation  pressure  are  less,  it  is  this  sensitivity  of  the  flew  in  the  Inlet  to  pressure 
changes  downstresm  that  has  caused  longitudinal  oscillation*  to  he  such  a  serious  concern  far r turret  engines.  In 
the  tale  1970's  (Hall  (1978, 1930);  Rogers  (1980a,  1980b))  first  qualitative  and  later  limited  quantitative  relations 
were  established  between  the  amplitude*  of  pressure  oscillations  and  the  lass  of  dynamic  pressure  margin, 

Sure  these  early  works,  extensive  tests  by  Sajhen  and  co-werktrs  (Chen,  Sajhen  and  Kroulii  (1979);  Sajhen, 
Bogan  and  Kroutll  (1984);  Bogan,  Sajhen  and  Kroutil  (1983s,  1083b))  have  shown  that  the  unsteady  behavior 
is  greatly  more  complicated  due  to  flow  separation  and  instability  of  shew  layers.  High  speed  achtkreo  pictures 
(tee  aim  Schadow  et  al  (1981))  have  shown  large  shock  oscillation*  at  well  as  the  formation  of  vortex  structures. 
Although  compulations  baaed  in  the  one  dimensional  approximation  to  flow  in  the  diffuser  (Cuikk  and  Rogers 
(1983);  Yang  (1984);  Yang  and  Cuikk  (1984, 1983, 1986)]  are  useful  and  stem  to  capture  some  of  the  dominant 
features  of  the  behavior,  it  is  quite  clear  that  the  true  motion*  can  be  simulated  well  only  by  numerical  analysis 
based  on  the  Navter-Stekee  equations  for  twourr  three-dimensional  floats  (Haieb,  Wardian  and  Gaakley  (1984); 
ibfeh  and  Coakhey  (1987)-,  and  reference*  cited  there], 

thwe  is  evidence  that  under  asms  conditions  inlet*  exhibit  setf-  excited  or  'natural' oieUlatlon*.  Energy  1* 
transferred  from  the  mean  flow  to  the  ttuetuatiocw  aasoeiated  at  least  partly  with  separated  flow.  Although  a 
one-dimensional  calculation  (Cuikk  and  Regers  (1983))  and  an  approximation  to  some  of  Sajbeo**  data  by  Waugh 
etal( 1983,  Appendix  O)  tugged  the  poatiMlity  that  the  Inlet  may  drive  combustion  Inatahlhtie*,  there  fa  no  firm 
evidence  Rom  testa  with  combustors  that  those  condudom  bold,  Meet  experimental  results  strongly  togged 
Uuit  itfc  at  ||y^  Wtlit  pdinimi  hi  ibe 
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Nevertheless,  because  the  flow  from  the  inlet  is  the  initial  state  for  flow  in  the  chamber,  it  is  fundamentally 
important  that  processes  in  the  inlet  be  well-  understood,  In  that  respect,  as  we  remarked  above,  perhaps  the 
greatest  deficiency  is  knowledge  of  the  history  of  the  injected  fuel  and  the  distribution  of  liquid  droplets  and 
gaseous  fuel  at  the  inlet  phase. 

5.3.2  Vortex  Shedding  and  Combustion  Instabilities 

By  far  most  attention  has  been  directed  to  vortex  shedding  as  the  most  likely  mechanism  for  combustion 
instabilities  in  ramjet  engines.  In  addition  to  extensive  experimental  work  related  to  those  ideas,  much  has  been 
done,  both  with  laboratory  tests  and  analysis,  to  clarify  the  acoustical  characteristics  of  the  modes  of  oscillation. 
Much  more  is  known,  and  understood,  about  vortex  shedding  and  its  role  as  a  mechanism  for  causing  combustion 
instabilities  chiefly  because  that  phenomenon  is  easily  identified  in  experiments  and  is  commonly  encountered. 
Although  vortex  shedding  is  arguably  the  dominant  feature  causing  instabilities  in  dump  combustors  -  and  might 
therefore  be  termed  the  most  important  mechanism  -  it  cannot  be  separated  completely  from  convective  waves, 
furthermore,  neither  mechanism  can  be  understood  apart  from  the  acoustics  of  the  chamber  in  which  they  occur; 
the  type  of  mode  that  is  unstable  always  provides  some  clues  about  the  mechanism.  For  convenience  here  we 
nevertheless  treat  the  phenomena  separately  and  defer  discussion  of  convective  waves  to  Section  5.3.5.  One 
distinction  between  the  two  mechanisms  that  seems  to  be  true  is  that  if  direct  coupling  between  large  vortices 
and  the  acoustics  field  dominates,  the  frequencies  of  oscillations  tend  to  be  close  to  those  of  classical  resonances. 
If  convective  waves  are  involved,  the  frequencies  may  be  quite  different,  as  shown  with  the  elementary  example 
in  Section  3.3. 

In  Section  3.4  we  discussed  vortex  shedding  as  a  mechanism  for  combustion  instabilities.  The  earliest  ideas 
were  developed  in  the  1950’s  to  explain  the  occurrence  of  high  frequency  transverse  or  tangential  waves  in 
afterburners.  Periodic  combustion  of  reactants  entrained  in  large  vortex  structures  served  ns  sources  of  acoustic 
energy.  If  properly  phased,  the  sources  may  supply  energy  to  an  acoustic  mode  of  the  chamber.  The  fluctuations 
of  velocity  associated  with  the  mode  initiate  vortex  shedding,  completing  the  cycle. 

Roughly  two  decades  later  vortex  shedding  was  again  proposed  as  a  possible  mechanism  for  instabilities, 
but  now  periodic  combustion  was  not  part  of  the  argument  [Flandro  and  Jacobs  (1975);  Culick  and  Magiawala 
(1979)).  Laboratory  tests  in  cold  flow  established  the  result  that  if  vortices  shod  from  a  step  or  corner  impinge  on 
an  obstacle  downstream,  there  is  sufficient  coupling  with  unsteady  motions  to  excite  the  sustain  standing  acoustic 
modes  in  a  duct  (Culick  and  Magiawala  (1979);  Dunlap  and  Brown  (1981);  Dunlap  et  al  (1981);  Nomoto  and 
Culick  (1982);  Aaron  and  Culick  (1985)).  In  all  those  cases,  longitudinal  modes  wore  drive.  Large  ’’vortex-like" 
structures  were  observed  in  some  flow  visualisation  work  on  dump  combustors  at  AFWAL  sometime  in  the  late 
1970's  [Private  communication,  F.D.  Stull). 

It  was  therefore  logical  that  vortex  shedding  should  be  proposed  os  a  possible  mechanism  for  causing  the 
longitudinal  modes  in  a  ramjet  engine,  The  idea  ite  ms  to  have  been  discussed  first  in  this  connection  at 
a  JANNAF  workshop  [Culick  (1988))  in  1979.  Byrtv  (1981,  1983)  gave  the  first  detailed  discussion  of  the 
mechanism,  He  used  known  results  for  the  stability  of  shear  layers  and  jets,  vortex  shedding  and  vortex  merging 
to  argue  that  the  frequencies  of  those  processes  taking  place  under  the  conditions  occurring  in  ramjet  engines  are 
in  the  range  of  frequencies  of  the  oscillation  actually  observed.  He  supported  his  conclusions  by  good  comparisons 
of  his  estimated  frequencies  with  data  taken  by  others  for  both  coaxial  and  side-dump  configurations.  Waugh  el 
ol  (1983,  Appendix  U  )  showed  modest  success  correlating  amplitudes  of  instabilities  with  Strouhal  number. 

Since  1980,  a  large  number  of  experimental  works  have  established  both  by  visualisation  and  quantitative 
measurements  that  vortex  shedding  is  a  distinctive  feature  of  dump  combustors.  [Sehadow  et  nl  (1986,  1087); 
Smith  and  Zuknaki  (1985);  Drown  et  al  (1935);  Blron  et  al  (1088);  Sterling  and  Zokoski  (1987);  Poinsot  et  nl 
(1987);  Yuet  al  (1987);  Davis  and  Suable  (1987)].  All  of  those  testa  were  performed  either  in  cold  flow  or  with 
premlxed  gaseous  reactants.  The  most  extensive  summary  of  tlte  subject  has  been  given  by  Sehadow  et  a)  (19S7) 
who  included  also  references  to  related  work  not  discussed  here. 

The  work  by  Sehadow  and  co-workers  at  NWC  is  partienlariy  noteworthy  for  its  systematic  progression 
from  tests  in  cold  flow  to  experiments  in  dump  combustors  with  burning,  as  well  as  studies  of  vortex  combustion 
In  diffusion  fir- me#.  Their  program  has  used  four  different  experimental  facilities  and  lias  involved  both  forced 
and  seif-excited  oscillations.  They  have  also  done  limited  tests  in  a  water  tunnel  to  show  the  formation  of  large 
vortices  in  their  configuration.  Overall,  the  work  at  NVVC  has  cstoblislied  the  existence  of  vortex  shedding  at 
the  frequencies  of  insUbUities  in  realistic  coaxial  configurations.  Moreover,  they  have  sfstwn  that  combustion 
processes  drive  oscillations  to  much  higher  amplitudes  than  (bund  in  the  cold  flow  tests.  We  should  note  that  for 
the  esses  cited  earlier,  of  oscillation*  driven  by  votex  shedding  in  solid  rocket  motors,  the  vortices  were  formed  In 
essentially  non-reacting  combustion  products,  The  amplitudes  of  such  instabilities  have  always  been  relatively 
small  (<&W  of  mean  pressure),  Thus  it  seems  true,  as  found  alio  iu  the  work  by  others  cited  above  that  truly 
Urge  amplitude  oscillations  requite  the  presence  of  combustion  processes  and  the  conversion  of  heat  released  to 
mechanical  energy. 

Hegde  et  al  (1988, 1987)  and  Renter  et  al  (1988)  have  studied  oscillations  in  a  duct  driven  by  a  flame,  in 
a  situation  similar  to  that  devised  by  Ksskaa  and  Moreen  (1955)  and  by  Dowling  and  co-workers  si  Cambridge 
for  afterburner*  (Figure  5.9).  In  the  Georgia  Tbcho  tests,  the  flame  (or  flames)  is  stabilised  on  one  or  two  wire* 
spanning  a  duct.  Under  broad  conditions,  the  flame  is  unstable  and  vortices  grow  in  the  sheet,  truer  action* 
with  the  flow  field  are  sufficiently  strong  to  excite  acoustic  waves  in  the  duct.  The  authors  have  proposed  tltat 
fluctuations  of  the  flame  suifeeearce-  and  hence  of  the reaction  rate  are  responsible.  They  have  given  data  based 
on  emitted  radiation,  showing  that  the  oscillations  of  surface  area  are  in  phase  with  the  pressure  variations.  By 
Rayleigh's  criterion  for  beat  addition,  it  fellows  that  the  heat  addition  encourages  growth  of  acoustic  waves,  a 
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Although  most  experimental  work  related  to  vortex  shedding  in  ramjets  has  been  done  with  coaxial  con¬ 
figurations,  the  phenomenon  has  also  been  found  in  side-dump  combustors.  Stull  et  al  (1983)  have  reported 
early  work  with  that  geometry  and  Nosseir  and  Behar  (1986)  have  examined  similar  cases  in  a  small  scale.  More 
extensive  results  with  full-scale  hardware  were  discussed  by  ZetteratSm  and  Sjoblum  (1986)  who  investigated 
configuration  having  two  or  four  inlets.  Visualisation  in  a  water  tunnel  revealed  the  presence  of  vortex  shedding. 
Instabilities  in  the  operating  engines  were  avoided  by  modifying  the  fuel  injection  systems  in  such  a  fashion  as 
to  minimize  combustion  within  the  vortices.  That’s  an  important  practical  result  clearly  supporting  the  general 
picture  of  vortex  shedding  as  a  dominant  mechanism. 

5,3.3  Mode  Shapes:  Experimental  and  Calculated 

In  practice,  the  first  indications  of  combustion  instabilities  are  almost  always  fluctuations  in  recordings  of 
the  pressure.  If  there  is  only  one  pressure  transducer,  one  can  infer  only  the  amplitude  and  frequency  -  best 
displayed  as  a  power  spectral  density.  While  the  frequency  alone  may  suggest  what  modes  are  involved,  the 
configurations  used  for  ramjet  combustors  are  sufficiently  complicated  that  the  modes  are  not  always  easily 
identified.  Moreover,  in  laboratory  tests  there  may  be  an  upstream  plenum  chamber  and  other  parts  of  the 
apparatus  that  participate  in  the  oscillations.  As  a  general  rule,  it  is  essential  that  measurements  of  the  pressure 
be  taken  at  several  locations  in  order  to  provide  unambiguous  identification  of  the  modes.  Sufficient  care  should 
be  taken  that  distributions  of  both  the  amplitude  and  relative  phase  can  be  determined.  This  information  ha3 
also  proven  extremely  useful  for  confirming  the  results  of  analyses. 


FIGURES.il 


The  most  extensive  measurements  of  mode  shapes  in  dump  combustors  were  made  at  the  Naval  Weapons 
Center  by  Schadow  and  co-workers,  A  summary  of  the  results,  with  references  to  the  previous  work,  was 
published  by  Crump  et  al  (1986).  Figure  5.11  shows  the  geometry  of  the  sub-scale  laboratory  device;  some 
results  of  measurements  and  analysts  are  reproduced  in  Figure  5.12.  A  case  in  which  a  bulk  mode  is  excited  in 
the  combustion  chamber  (175  Hz)  is  shown  in  Figure  5.12(a);  the  fundamental  wave  mode  was  excited  in  tho 
chamber  excited  for  the  case  shown  in  Figure  5.12(b)  (540  Hz).  The  calculated 
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results  were  based  on  a  one-dimensional  analysis  [Yang  (1984)]  in  which  combustion  was  ignored  and  the  mean 
flow  was  accounted  for  only  in  the  inlet.  The  good  agreement  is  further  evidence  of  the  point  emphasised  in 
Sections  1  and  2,  that  the  mode  shapes  and  frequencies  for  combustion  instabilities  are  often  well-approximated 
by  results  based  on  classical  acoustics.  Here  we  also  find  that  the  one-dimensional  approximation  works  well. 
For  those  calculations,  the  inlet  shock  was  represented  with  the  admittance  function  computed  by  Culick  and 
Rogers  (1983).  It  is  apparently  a  good  approximation  that  for  these  cases,  the  shock  system  is  highly  absorbing: 
the  reflected  wave  has  much  smaller  amplitude  than  the  upstream-traveling  incident  wave.  That  fact,  and  the 
presence  of  the  high  speed  average  flow,  explains  why  the  relative  phase  varies  linearly  in  the  inlet. 

Clark  and  Humphrey  (1986)  have  also  reported  fairly  good  results  obtained  with  a  one-dimensional  analysis 
applied  to  a  side-dump  configuration.  The  engine  was  supplied  from  a  large  plenum  through  inlets  that  were 
not  always  choked.  Although  the  frequencies  of  oscillation,  phase  distributions  throughout  the  device,  and 
amplitude  distributions  within  the  combustor  were  predicted  well,  the  amplitude  distributions  within  the  inlets 
diffuser  considerably  from  the  measured  results.  The  reasons  for  the  differences  are  not  known.  Yang  and  Culick 
(1985)  later  carried  out  a  numerical  analysis  including  vaporization  of  the  liquid  fuel  and  were  able  to  predict 
quite  well  both  the  distribution  and  level  of  the  pressure  field. 

A  series  of  tests  in  a  coaxial  combustor  have  been  reported  by  Sivasegaram  and  Whitelaw  (1987),  intended 
to  examine  the  consequences  of  changing  geometric  parameters  and  fuel/air  ratio.  Data  are  given  for  frequencies 
and  sound  intensity  at  one  location.  Mode  shapes  were  evidently  not  measured  and  no  results  of  analysis  are 
cited.  It  would  appear  that  these  data  offer  an  opportunity  for  a  straightforward  application  of  a  simple  one¬ 
dimensional  analysis. 

The  one-dimensional  approximation  works  suprisingly  well  for  rapid  estimates  of  mode  shapes  and  frequen¬ 
cies.  It  is  worthwhile  remarking  on  its  application.  Equation  (2.25)  and  (2.26)  with  =  V\  =  0  determine 
the  classical  mode  shapes.  Few  exact  solutions  exist  for  arbitrary  variations  of  cross-section  area  S„(r),  but  in 
the  case  of  ramjet  configurations  it  is  generally  required  to  obtain  results  for  piecewise  variations.  The  problem 
comes  down  to  solving  the  wave  equation 


dp^dSc. 
dz  Sc  dz 


where  dSJdz  vanishes  everywhere  except  at  discontinuities  of  area  where  it  is  infinite. 

Hence  the  general  procedure  is  straightforward  to  find  normal  modes  of  the  chamber.  In  uniform  sections, 
the  pressure  field  is  represented  by  the  usual  forms,  A;  cos [kiz  +  8i)  or  its  equivalents,  where  Aj,  8,  are  associated 
with  segment  i,  and  l'i  is  the  wavenumber  for  mode  I.  These  solutions  are  mntchcd  at  the  discontinuities  by 
requiring  continuity  of  the  acoustic  pressure  and  mass  flow.  Eventually  the  amplitudes  Aj  can  bo  found  to  within 
a  multiplicative  constant,  and  the  values  of  hi  are  determined  as  roots  of  the  characteristic  equation. 

This  sort  of  analysis  has  long  been  known  to  give  satisfactory  results  if  the  changes  of  area  are  not  too  large 
(Culick,  Derr,  Price  ( 1972);  Derr  and  Muthes  ( 1974)].  Simple  resonance  tests  at  room  temperature  have  confirmed 
the  calculations,  a  method  that  is  still  useful  for  investigating  the  acoustic  modes  of  combustion  chambers.  For 
application  to  actual  systems,  significant  differences  between  these  approximate  results  ..nd  observed  values  may 
arise  due  to  uncertainties  in  the  boundary  conditions  at  the  inlet  and  exhaust. 


5.3.4  Numerical  Analysis  of  Flows  in  Ramjet  Combustors 

It  is  the  nature  of  the  sort  of  approximate  analysts  dismissed  in  Section  2  that  reasonable  results  for  the 
frequencies  of  oscillations  can  be  obtained  with  rather  crude  approximations  to  the  actual  mode  shapes.  Fur¬ 
thermore,  the  stability  of  small  amplitude  notions  can  be  assessed  with  some  confidence  if  nil  the  important 
processes  are  modeled  reasonably  well,  The  approximate  analysis  of  course  provides  no  information  about  the 
details  of  the  situation  In  an  actual  combustor.  Indeed,  qualitative  knowledge  of  the  real  state  of  affair*  is 
required  to  make  this  sort  of  approach  productive,  Independently  of  experimental  results,  the  only  other  source 
of  Information  Is  numerical  analysis  based  on  the  complete  conservation  equations.  More  Importantly,  results  of 
ncenrate  numerical  analysis  provide  tire  only  basis  for  judging  the  neeuraey  of  an  approximate  analysis. 

Thus,  thorough  numerical  analysis  of  both  the  steady  and  unsteady  flows  In  a  combustion  chandwr  is 
potentially  extraordinarily  important  for  investigating  combustion  instabilities.  Kvcn  with  recent  developments 
in  high  speed  computers,  capabilities  and  resources  fall  considerably  short  of  those  required  to  handle  “real” 
problems,  For  example,  it  is  still  not  realistic  to  treat  three-dimensional  problem*,  even  without  combustion! 
and  of  course  proper  accounting  of  turbulence  and  combustion  processes  already  taxes  available  resources  beyond 
practical  limits  evert  for  flows  that  are  two-dimensional  In  the  mean. 

Numerical  analysis,  or  simulation  •  realty  the  application  of  computational  fluid  dynamics  to  Investigate 
internal  flows  ■  has  never  been  seriously  pursued  either  for  liquid  rockets  or  for  thrust  augmentors,  Because  the 
surge  of  interest  in  treating  combustion  instabilities  in  ramjet  engines  Iras  been  quite  recent,  application  of  CFO 
has  become  a  sensible  endeavor.  Although  results  obtained  to  date  do  not  approach  closely  the  goals  cited  above, 
some  progress  has  been  made. 

lire  most  advanced  works  have  been  reported  by  Knibuanuth  et  al  ( 1983, 1986. 1987)  and  by  don  and  Merest 
(1986, 198J).  Although  eventually  combustion  processes  will  be  accounted  for,  results  published  to  date  are  only 
for  cold  flow,  In  the  configuration  tested  by  Sthadew  et  ai,  Figure  5.11,  The  two  chief  difference*  between  the 
two  works  are  that  Kattasanath  et  al  solve  tire  In  viscid  ( Euler)  equations,  arguing  that  the  effects  of  nonlinear 
damping  of  the  numerical  scheme  gives  a  high  (hut  net  Infinite)  "effective  Reynold*  number",  while  Jen  and 
Minor)  solve  tire  full  Navler-Stokes  equations;  and  while  KbaUasanath  et  al  assume  multiple  exhaust  untiles,  Jou 
and  Mlnon  treat  a  single  nettle  smoothly  joined  to  the  chamber  as  in  the  experimental  apparatus,  Both  auaUyse* 
ate  carried  out  for  ajdxyuuueirte  flows  using  similar  grid  sites.  Figure  5.13,  reproduced  horn  Kailasatuuh  et  al 
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FIGURE  5.13 

(1987b}  shows  density  contours  and  streamlines  for  two  different  meshes.  Figure  5.14  shows  a  time-sequence  o[ 
vortieity  contours  computed  by  Jou  and  Menon  (1988a).  Obviously  both  results  allow  the  generation  of  large 
vortex  structures. 


PlGtliSSU 

Those  numerical  result*  have  net  been  subject  te  any  abjective  detailed  comparison,  and  it  U  impossible 
to  do  so  here.  Doth  work*  have  concentrated  in  the  vortex/aeoustk*  latccaelien*.  much  of  the  tfiscuaalen  of 
the  tortilla  tend*  to  descriptive.  There  are  of  course  both  similaritte*  and  difference*  between  the  two  net*  of 
work*.  At  this  lime,  one  might  he  inclined  to  favor  calculation*  bated  on  the  Nassef,  Stoke*  equation*  far  which 
all  boundary  conditions  can  he  correctly  satisfied. 

For  setae  purpose*,  It  can  he  an  awkward  feature  that  numerical  analysis  product*  result*  foe  the  total 
value* »  mean  plus  fluctuating  >  of  the  Sow  variable*.  Perhaps  the  easiest  way  to  display  the  properties  of  the 
unsteady  Bow  U  with  power  spectral  densities  and  various  correlations,  Power  spectral  deusitte*  are  competed 
in  the  works  cited,  shewing  peak*  not  all  of  which  can  be  related  to  classical  acoustic  mode*.  Jou  and  Merten 
(198b)  have  attempted  the  wore  ddfleult  task  of  extracting  the  acmutk  Skid  ItmJf  by  s^mpaiseg  ths  ssh-tsfclsi 
and  potential  part*  of  the  velocity  Arid.  Their  result*  show  that  the  Urge  vortices  are  approximately  quadtupok 
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sources  of  the  acoustic  field;  and  that  Impingement  of  a  vortex  on  a  choked  nozzle  appears  as  a  dipole  source. 
They  have  used  the  latter  conclusion,  and  an  approximation  to  the  influence  of  the  acoustic  field  on  separation 
of  the  shear  layer,  to  construct  a  model  for  coupled  acoustic/vorticity  modes.  This  is  a  form  of  an  instability 
based  on  a  mechanism  involving  convected  waves  (in  this  case  vortidty  waves).  Evidence  of  such  coupled  modes 
appears  in  the  numerical  results:  their  frequencies  are  not  particularly  close  to  those  of  classical  acoustic  modes. 

More  recently,  Molzvi  and  Sirignano  (1988)  have  published  their  initial  results  for  numerical  analysis  of 
the  unsteady  field  in  a  two-dimensional  dump  configuration.  The  k  —  t  model  is  used  to  describe  the  gas  flow. 
Vaporization  of  liquid  fuel  drops  is  accounted  for,  followed  by  combustion  with  finite  reaction  rate.  Calculations 
of  the  gas  motions  were  done  using  codes  written  by  others  (a  “Teach-based  algorithm  with  the  Simple  method 
for  solving  the  pressure  field”). 

Unlike  the  analyses  discussed  above,  there  is  no  evidence  of  vortex  shedding  and  no  discussion  of  that  striking 
difference  from  previous  calculations  and  experimental  results.  The  emphasis  in  the  work  is  on  the  behavior  of 
the  liquid  phase.  No  oscillations  appear  spontaneously,  and  forced  oscillations  (i.e.  unsteady  motions  numerically 
superimposed  on  the  steady  solutions)  decay  rapidly. 

Two  recent  analyses  have  been  done  to  demonstrate  the  existence  of  recirculation  zones  ( confined  or  trapped 
vortex  motions)  in  the  head  end  of  a  side-dump  combustor  [Liou  et  al  (1988)  and  Hong  ct  al  (19S8)).  Those 
works  use  the  same  or  similar  computer  codes  as  those  used  by  Molavi  and  Sirignano;  the  resuits  show  steady 
vortex  motions  apparently  in  good  agreement  with  observations  of  flow  visualization  tests  (Stull  et  al  (1983); 
Vanka  et  al  (1983, 1985);  Liou  and  Wu  (1985)].  The  calculations  do  not  include  combustion.  Like  another  recent 
work  by  Vanka  et  al  (1988),  these  analyses  have  to  do  with  the  steady  flow  in  a  ramjet  combustor  and  make  no 
attempt  to  treat  combustion  instabilities.  In  that  respect  they  are  nevertheless  relevant  because  knowledge  of 
the  steady  flow  field  is  prerequisite  to  understanding  unsteady  motions. 

It  is  not  possible  to  reconcile  the  preceding  numerical  analyses.  While  all  must  contain  some  realism, 
the  results  show  only  limited  qualitative  agreement  with  experimental  results  and  among  themselves.  The 
calculations  are  difficult,  time  consuming  and  ns  always  are  subject  to  peculiar  •  sometimes  unpredictive  . 
influences  of  numerical  schemes.  Others  not  involved  in  performing  the  calculations  can  only  assume  that  the 
published  results  are  in  fact  numerical  solutions  to  the  formulated  physical  problems  and  do  not  reflect  in  any 
significant  fashion  the  computational  procedures.  Suceess  with  computational  fluid  dynamics  applied  to  internal 
flows  can  be  an  euormously  important  contribution  to  treating  problems  of  combustion  instabilities. 

5.3.3  Convective  Waves  of  Eutropy  and  Vortlcity 

We  gave  in  Section  3.3  an  elementary  example  showing  the  possibility  for  exciting  instabilities  by  coupling 
entropy  and  acoustic  disturbance  at  the  exhaust  nozzle.  The  calculations  carried  out  there  are  equally  valid  for 
vurtiehy:  just  replace  the  entropy  fluctuation  by  the  vorticity  fluctuation.  That  is  essentially  the  gist  of  the 
model  discussed  by  Jou  and  Merton  (1988)  cited  above  In  Section  3-3.4. 

Tlawe  computations  have  produced  two  main  results:  they  confirm  the  view  that  convective  waves  constitute 
a  lawsible  mechanism  foe  Instabilities;  and  they  show  that  the  frequencies  of  coupled  acoustie/eonvcetive  wave 
ovules  can  be  significantly  different  from  those  of  perturbed  classical  acoustic  modes.  Some  of  the  numerical 
results  cited  in  Section  5.3,4.  and  some  experimental  tests  as  well,  have  shown  peaks  in  power  spectral  densities 
that  apparently  are  not  related  to  excitation  of  classical  modes.  Those  observations  strongly  suggest  that 
convective  wave*  participate  in  some  combustion  Instabilities,  alt  bough  incontrovertible  proof  has  not  been 
given. 

Waugh  treated  two  models  of  instabilities  associated  with  entropy  staves  (Waugh  et  «t  11983);  Waugh  and 
Brown  U9S4)|,  In  one  model,  the  source  *4  entropy  fluctuations  was  concentrated  al  a  single  axial  location, 
and  in  the  seeond.  several  concentrated  sources  were  used.  The  calculations  required  ate  modest  extensions  of 
the  example  given  in  Section  3.3.  According  to  those  results,  distributed  combustion  tends  to  mote  stable  than 
concentrated  combustion  when  the  chief  tneehanlsw  far  instablfily  Is  the  eusveeted  entropy  wave. 

In  a  work  intended  to  investigate  the  stability  of  unsteady  motions  with  combustion  fit  a  dump  mnbnstot, 
Humphrey  and  Ctditk  fl&K).  198T)  used  the  results  worked  out  hy  Chn  (1953)  for  the  unsteady  bebavtm  el 
a  plane  flame.  The  upstream  boundary  condition  at  the  inlet  wnt  set  with  the  oue=dimensienal  analysis  of 
the  shock  response  jCullek  and  Roger*  (1983)}.  Those  work*  once  again  established  the  existence  of  coupled 
acoustlc/entropy  mode*  that  do  not  reduce  to  classical  made*  when  the  entropy  fluctuations  ronhtg.  they  arise 
in  addition  to  the  classical  norths  which  themselves  are  of  course  slightly  modified  when  entropy  fluctuations  are 
present. 

Prompted  by  high  speed  film*  of  the  unsteady  low  In  a  dump  eombu.4**  f&atri  ( 19*1)1,  Abouseif,'  Kekki 
and  Thong  (1984)  postulated  that  the  lustahlliitas  were  due  to  coupling  between  entropy'  wives  and  anamric. 
wrote*.  The  bask  model  was  essentially  that  described  in  Section  3.3.  Periodic  shedding  of  hot  spot*  from 
the  rceltenlation  rone  near  the  dump  plane  was  interpetted  as  a  consequence  of  periodic  beat  release  estate 
oseifiation*  of  temperature.  Prediction*  of  the  frequency'  were  about  10  per  cent  below  the  ohrerced  values.  The 
authors  speculated  that  the  difference  may  he  due  to  their  rosumptk*  that  the  combustion  rone  ••  and  hr*sre 
the  source  of  entropy  waves  >  was  concentrated  at  the  dump  plane.  Apparently  res  effort  woe  made  to  model  a 
distributed  combustion  rone  and  no  comparison  was  made  between  throe  coupled  mode*  and  classical  acoustic 
modro  that  could  bo  excited  directly  by  interact  ion  with  dud  vortices,  The  stability  of  the  modrowro  rofeulated 
(in.  values  of  the  growth  constant)  but  data  wro  not  available  for  comparison 

.  Waugh  and  Brow*  (1914)  also  applied  that  analysis  of  acoustics  with  cenreetite  troves  to  Oavts'*  data.,  they' 
noted  that  Ahmrewif  H  al  had  used  an  incotmt  boundary  condition  alt  the  mock.  The  mnuiol  cakuSatteuw 
produced  frequ-'ocni  quite  «4roc  to  throe  ubwaxud.  ami  the  mode  drape.  »>  wwl  «te*xd  better  qtiwcttwot  wvih 
te*t  result*.  '' 


5.3.6  The  Time  Lag  Model  Applied  to  Combustion 
Instabilities  in  Aa>q}et  Engines 

During  the  past  seven  years,  Reardon  (1981, 1983. 1984, 1988, 1988)  has  used  the  time  lag  model  to  correlate 
and  interpret  the  extensive  data  taken  by  Davis  (19tri).  Because  the  work  is  summarized  in  a  paper  given  at 
this  conference  (Reardon  (1988)],  there  is  little  to  add  here  apart  from  noting  the  general  approach  and  how  it 
Sts  with  other  works. 

The  time  lag  model  is  unwieldy  (at  best)  to  use  if  combustion  is  allowed  to  be  distributed  and  the  time 
lag  is  variable.  Hence  as  in  many  previous  applications  to  Squid  rockets,  Reardon  assumes  that  the  energy 
release  is  concentrated  in  a  transverse  plane,  that  the  parameters  (n,  r)  are  constant,  and  that  the  Sow  field  is 
one-dimensional.  Then  the  combustion  response  is  gives  by  the  past  of  equation  (3.14)  depending  on  frequency; 
to  represent  concentrated  combustion,  the  average  distribution  uq  is  replaced  by  6-function.  A  modest  change  in 
the  argument  allows  one  to  use  this  form  for  the  unsteady  conversion  of  liquid  to  vapor,  or  for  unsteady  energy 
release. 

Reardon  assumes  that  the  csdllations  observed  by  Dav:s  are  bulk  modes  in  the  combustor:  the  pressure  is 
essentially  uniform  in  space  and  pulsates  in  lime.  Hence  the  mode  shape  \ l>(f)  ia  approximately  constant  and  one 
may  assume  that  the  total  unsteady  energy  release  due  to  combustion  processes  in  the  chamber,  £„  is  given  by 

£,^0(1^-“’)^ 

The  rate  of  change  of  energy  in  the  chamber  ia  the  net  result  of  energy  released  by  combustion  and  the  rales  at 
which  energy  is  comveted  in  and  out  of  combustor: 

TUri  relation  is  the  basis  for  Reardon's  treatment  of  the  experimental  results. 

A»  we  discussed  in  Section  4,  in  applications  of  the  time  tag  model  to  instabilities  in  liquid  rockets,  both 
(Mnaniciers  in,  r)  were  determined  by  matching  a  theoretical  result  to  exnerimental  results  for  the  stability 
boundary.  The  idea  then  is  that  those  value*  of  (n.  r)  can  be  used  to  predict  the  stability  character  cue*  foe 
new  (hut  in  some  sense  similar)  design*.  Here,  Reardon  has  chosen  to  use  values  at  r»  calculated  hy  Qtaeio  and 
Cticng  (1956)  arid  to  compute  the  time  tag  independently!.  uel»g  previous  results  obtained  hy  others.  In  rimer, 
Reardon  essentially  assumes  that  the  combustion  model  Is  known  (deforc'd  by  tire  two  parameters  (n,  c)  with 
concentrated  combustion)  and  then  uses  the  relation  for  the  balance  of  energy  in  (he  chamber  to  correlate  data 

Stability  of  iwciUalions  may  be  determined  hy  application  of  the  Nyrpdrt  eriteriuo  after  the  unsteady  energy, 
balance  is  re  written  by  tiring  the  Laplace  transform,  This  possibility  arises  because,  a*  we  have  btmily  described 
earlier,  -m-  problem  of  self, excited  combustion  iosiabiiirtc*  eat)  he  interpreted  a*  a  linear  system  with  a  negative 
feedback  bmp-  The  *1  ability  criterion,  expressed  with  the  growth  constant  a.  depend*  on  other  processes  keforfed 
in  the  energy  1st  lance.  The  formal  result  may  therefore  he  used  to  test  the  importance  of  those  processes  by 
comparison  with  data. 

Reardon  tm>  used  this  procedure  to  study  the  efftew  of  wvenil  proeswea  and  geometrical  parameters,  with 
mixed  r*».ut*,  it  seems  that  this  sort  of  approach  erdfore  bom  the  turnout'  UnataUos  noted  caelief;  it  b  maiSy 
only  a  method  for  correlating  data  and  therefore  in  the  foe*  instance  ha*  little  predictive  value  without  asmtance 
that  the  models  used  ate  accurate.  CrwaTsfetwe  to  the  result*  corns  only  from  pod  «on«tMhm»  wish  data  me* 
broad  range*  of  paismeim*.  The  re.  tits  «.  data  <9*  put  seem  to  provide  that  confisfortce. 

a.  PASSIVE  AMD  ACTIVE  CONTROL,  OF 
COMBUSTION  INSTAttlidTIBS 

There  m  we  gswsul  strategic*  to  fellow  in  treating  a  imekariao  'masahttityr  change  the  design  of  tfe? 
system  to  redueo  the  amplitude#  of  the  seifoaKited  meffiattems  or  ktrodriu  mm  form  of  com  red.  When 
instabilities  are  etwomnered  k  a  efeve.tepmer*  program,  rignUfeant  design  c.hsnem  usually  cannot  be  accepted. 
Moreover,  met*  after  newly  fifty  yearn*  experience  with  the  general  probfom.  k  S*  often  dtfficttll  to  tmmmU 
effective  wwdtfomttewa  with  great  confidence1.  Since  the  ewbest  Instances  of  serious  tfcjtedujitks,  much  effort  ha* 

tWfoc  !#♦«  .formed  to  rmuttdtkg  the  MtiUttite,  tetsMofiy  by  park*#  ttwwt;* 

Small  solid  ptopefism  rochet*  produced  during  Work  War  !!  posed  wetew*  proMem*  of  high  fcetptomy 
transverse  mode*  They  were  tr*s*9y  ebmkated  fey  kcmptwilkg  immum  tods*  exteodk?.  aicytg  the  mi*  of 
the  chamber,  or  brJhvs  extending  radially  horn  the  carter  c mo,  tVtforaied  Urers  wore  evidently  first  toed  m 
about  ISW  |M  tedwe  the  aiUpkwdr*  >4  set«s*h  nW-ivcam*  m  ssopkmfe*  ,d  .vote  mcdbOMn.  k  silethsureC* 
(Lows*  hubomriuy  Staff  (1934)].  At  about  the  same  rime,  hafividuai  maosatkg  Mte  wore  first  ward  k  a  m& 
mpevmfe  Infer  to  reduce  site  tedalku*  ftfo*  During  the  Ifrift'h,  touch  wo*  aeeomphifod  os 

the  w#  of  ten  and  damping  eurilte*  k  fapnd  rocte  *«(te,matfiw»d  chiefly  hy  applicates  to  the  F»)  mk 
best-  mom  ewSsew  of  lb#  Apotk  pcogtrua  (Oherg  itSfU  Oberg  and  Kukri*  (Utfiy  . 

ft  <g  now  standard  practice  to  teuporaie  Mate?  te*  in  the  design  of  afterburner*  to  attermate  mrete 
tefiatea.  Daifot  and  tesonaikg  ewides,  or  tkem  are.  tel  hr  many  fopud  steels.  parthularly  larger  etgkm 
the  smy  k  which  them  tfevite*  week  k  .pole  »**  teermood,  ftcmouatfr  good  tegs*  can  he  produced  d  tV 
•ode  shapes  and  fotgsn.writa  of  the  uteteme  teUmte  ate  known,  hut  to  feuetke,  mcomthw  m^-iisto 
ahmyw.swqtte  testing  and  wa&icates  for  stem*  we  shaX  espiak  beta*. 

The  two  greatest  ifc fcfHf  iW  Sffcitt  *W^il lifcttt  a 

&mnM*  *  iW  I <&m  ma  «n  m M p&pMmt  mi 
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ovet  a  fairly  narrow  frequency  range.  It  is  possible  to  design  baffles  for  operation  at  low  frequencies,  but  acoustic 
liners  and  resonators  can  be  used  only  to  treat  high  frequency  oscillations  because  their  linear  dimensions  increase 
as  the  frequency  is  reduced.  Generally,  the  necessary  sizes  are  too  large  for  application  at  frequencies  below,  say. 
500-1090  Hz  in  actual  propulsion  systems. 

Greater  difficulties  with  low-iiequency  combustion  instabilities  during  the  post  few  years  has  generated 
serious  interest  in  active  control.  The  idea  is  not  new,  dating  at  least  hack  to  a  proposal  by  Tsien  (1953) 
for  servo-stabilizati'xi  of  low-  frequency  chugging  modej  in  sensors,  instrumentation  oud  microprocessors  make 
active  control  an  attractive  possibility  for  treating  combustion  instabilities  over  broad  ranges  of  frequency  and 
operating  conditions.  Recent  research  on  this  subject  has  just  begun  and  only  a  few  results  have  been  obtained. 

6.1  Passive  Control  Devices 

The  design  and  operation  of  baffles,  resonators  and  acoustic  liners  for  liquid-fueled  rockets  have  been  thor¬ 
oughly  covered  in  two  lengthy  summaries:  Chapter  8  of  Hanje  and  Reardon  ( 1972),  and  a  report  prepared  largely 
by  the  group  at  Rocketdyne  with  the  collaboration  of  other  organizations  {NASA  Design  Criteria  Office  (1974)). 
In  liquid  rocket  engines,  baffles  are  mounted  on  the  injector  face  along  radii  and  extending  some  distance  down¬ 
stream.  Figure  6.1  taken  from  Karrje  and  Reardon  (1972,  p.  423)  shows  the  installation  in  the  Lunar  Module 
Ascent  engine  manufactured  by  Rocketdyne.  The  design  also  included  slots  around  the  peripliery  that  acted  as 
acoustic  resonators.  It  has  often  been  the  practice  to  use  both  baffles  and  resonators  or  acoustic  Utters  in  liquid 
rocket  engines.  The  liners  may  extend  along  the  chamber  wall  to  the  nozzle  entrance,  an  example  of  which  is 
shown  in  Figure  6.2  {Mitchell  (1965)] 
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lasses  in  the  frequency  range  of  mate  olUties.  Their  effectiveness  depends  on  the  local  How  field  Induced  hy 
the  unsteady  field  in  the  chambor,  and  In  the  consequent  action  of  viscous  forces  to  damjKM  tire  motions. 
The  elementary  cavity  is  the  Helmholtz  resonator,  sketched  in  Figure  8.5.  Its  action  can  he  visualised  most 
simply  as  a  mass/sprlng/dashpot  system.  Tlie  mass  is  the  plug  of  gas  in  the  orifice  and  the  spring  is  provided 
by  the  compressibility  of  the  gas  in  the  volume  of  the  chamber.  Heuee,  one  slmuld  expect  that  the  natural 
frequency  should  decrease  as  the  volume  of  the  cavity  increases(because  a  given  displacement  of  the  plug  is 
a  smaller  fraction  of  the  volume);  and  should  also  decrease  as  the  mass  of  tne  plug  iuercasec*.  [frequency  *v 
(spring  constant/mass)^].  The  formula  for  the  resonant  frequency  is 


Wr  o 


(0.1) 
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where  k  !*  the  length  el  the  orifice,  t‘a  l*  iu  volume  luul  V*  in  the  volume  of  llie  eaviiy,  This,  formula  i»  quite 
1*  good  approximation  to  observed  value*  providing  the  average  temperature  U  everywhere  tie'  wane,  and  if  k 
i»  assigned  an  approximate  vtdue.  The  length  l*  retdiy  an  effective  lengti  of  the  plug  of  gw,  so  in  a  sense,  (0.1) 
really  defines  fB,  Theoretical  estimate*  far  k  way  be  found  In  several  of  the  references  riled,  e.g.  Harrjc  wtd 
tteoidoti  (19T2.  p.  410). 

Damping  of  the  motions  occur*  pel  warily  because  of  the  motion  of  the  plug  of  gas  in  the  orifice.  It  Is 
strongly  a  function  of  the  amplitude  of  motions  beemtse  of  Dow  separation  in  the  utilise  (lagaard  and  Laltate 
0950);  Ingaard  (1053);  Sirignano  et  id  (1867);  2lnu  0969)), 

Aeoustk  liners  are  essentially  arrays  of  small  acoustic  resonator*.  Figure  6.6  {llarrje  and  Reardon  0973.  p. 
410)  it  a  sketch  of  a  typical  ecmfiguratien,  Each 

hacking  cavity  has  sever  a)  orifices.  Equation  (0.1)  la  the  basic  fenauda  far  dedgnlng  resonator#  and  liners  but 
riwuly  many  compromise*  tnusi  be  made  In  sperifie  application*. 

Ttie  design  issues  tor  Utter s  ate  thoroughly  discussed  in  the  reference*.  In  addition  to  Ute  obvious  geometrical 
variables,  we  should  mention  that  special  consideration  must  be  given  to  the  effects  of  the  amplitude  of  motion, 
wean  ftaw  past  or  into-  the  orifices,  and  temperature  variation*,  The  Influence  of  temperature  Is  importaru 
because  it  determines  the  speed  of  sound  and  hence  the  resonant  frequency.  Tuning  cavities  and  liners  is 
therefore  seriously  affected  by  the  temperatures  of  the  gases  in  the  orifices  and  cavities.  That  is  a  major  reason 
why  acoustic  resonators  have  uot  been  successfully  used  In  solid  propellant  rocket*,  because  of  the  short  firing 
Urn**,  resonator*  are  almost  always  operating  under  changing  conditions. 

A  practical  limitation  of  resonators  U  the  finite  bandwidth;  a  given  geometrical  configuration  effectively 
attenuates  only  over  a  relatively  tor  tow  band  of  frequencies.  Figure  6,7  (Keriktode  and  Qberg  (19691)  shews 
the  infiuencc  of  changing  geometry  of  a  liner  used  in  the  Lance  Hoarier  engine. 

Increasing  the  amplitude  of  motions  tends  in  reduce  the  peak  of  the  tewmance  curve  tor  a  finer,  but  broadens 
the  bandwidth.  Figure  6,9  {Blackman  (I960))  shows  data  taken  at  room  temperature  tor  a  smalt  section  of  finer 
in  an  Importance  tube.  Agreement  with  calculations  hr  bitty  good  ( #  is  easwiilslly  the  teal  past  of  the'  admittance 
(unction  tor  the  finer.) 

CakuUtlan  of  the  iufiuenccs  of  resonator*  and  acoustic  liners  have  approved  in  many  publication*  (e  g 
Otmrg  et  *1  (1069,  1071,  1973);  Baer  and  Jditehell  (1974, 1977);  tiairje  and  Reardon  (1913,  Chapter  9):  and 
NASA  Design  Criteria  Office  (1974)).  Whatever  the  details  of  the  computations,  the  result*  eventually  come 
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(1973)].  Thus,  assuming  no  average  flow  normal  to  the  plane  of  the  liner,  the  attenuation  constant  is 

aiiM' = “dg  / /  A‘r)i,'dS  m 

where  is  the  real  part  of  the  admittance  function  defined  for  a  unit  area  of  liner;  that  is,  it  is  an  average  of 
the  admittance  function  for  the  orifices  and  the  solid  surface.  If  the  impermeable  surface  is  rigid,  Ai  =  0,  and 
(6.2)  can  be  written 


aa"'  "  ~2§f  (f)  )  //  A‘r)*«dS  (6'3) 

where  So  is  the  total  open  area  and  Si  is  the  total  area  covered  by  the  liner.  Obviously  the  liner  is  more  effective 
if  placed  where  the  mode  shapes  (i.e.  pressure  fluctuation)  is  largest.  We  emphasize  that  this  result  is  strictly 
valid  only  for  linear  behavior;  nonlinear  behavior  is  accomodated  by  the  approximate  analysis  given  in  Section 
2,  but  no  results  are  available. 

In  view  of  the  widespcad  use  of  baffles  and  liners,  perhaps  the  most  remarkable  liquid  rocket  engine  design 
is  that  used  for  the  Lunar  Module  Descent  engine  (Cherne  (1967);  Elvcrum  et  al  (1967)].  Neither  baffles  nor 
liners  nor  any  other  damping  device  was  required:  the  engine  possessed  very  robust  intrinsic  stability  over  its 
entire  range  of  throttling,  from  lOOO  pounds  to  10,000  pounds  thrust.  Moreover,  the  design  has  been  scaled  to 
50,000  pounds  and  still  exhibited  complete  stability  in  static  tests  (the  large  engine  has  never  been  flown). 

The  chief  reason  for  the  stability  seems  to  be  the  feature  that  the  propellants  are  injected  through  a  single 
(large)  coaxial  element  located  in  the  axis  of  the  combustion  chamber.  As  a  result,  the  distribution  of  energy 
release  tends  to  be  concentrated  near  the  axis  of  the  chamber  where  the  tangential  modes  have  pressure  nodes  and 
even  the  radial  modes  have  smaller  pressure  anti  nodes  than  at  the  periphery.  Refer  to  the  first  terra  representing 
the  main  source  of  excitation  in  equation  (2.79)  and  consider  only  the  unsteady  energy  addition, 

(8.4) 

The  integral  is  reduced  if  the  energy  release  $  is  small  where  is  large,  and  vice- versa.  Figure  6.9(a)  taken 
from  Dlverum  et  al  is  a  sketch  of  the  situation  for  the  first  radial  mode.  As  shown  in  Figure  6.9(b),  the 
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energy  release  hs*  this  dWirihulkm  because  fuel  U  injected  axially  along  the  per  iphery  of  the  injector.  Oxitfijet 
W  Injected  radially  through  36  hole*,  Thus,  the  liquids  impinge  as  the  intersection  of  a  sheet  with  36  jet*.  As 
suggest  in  Figure  6.9(a),  the  axial  momentum  of  the  fuel  sheet  tends  to  Was  the  energy  release  in  the  axial 
direction,  the  oxitfeer  jets  cause  spreading  also  towards  the  chamber  trails.  Although  the  injector  projecting  Into 
the  chamber  acts  as  a  baffle  against  the  radial  modes,  it  can  have  liule  Influence  on  the  tangential  modes.  Hence 
one  must  conclude  that  the  high  level  of  stability  let  the  absence  @f  baffles  and  liners  derives  (tom  the  low  value 
of  the  driving,  equation  (6.4).  Y@4tU  ( 1666)  gave  an  taler  feting  brief  comparison  of  the  stability  characteristic* 
of  three  engines  hr  the  Apollo  vehicle. 

6.6  Active  Control  of  CortvbstslWtr  Instabilities 

It  Is  a  fundamental  property  that  combustion  instabilities  are  se&exeited  oscillations.  Their  excitation 
occurs  because  the  energy  ttansfened  horn  the  combustion  processes  and  moan  flow  to  the.  unsteady  motions 
depends  on  the  unsteady  merlons  themselves.  Thai  is  why  a  small  amplitude  disturbance  grow*  exponentially 
to  time  until  n  nonlinear  process  limits  its  amplitude,  commonly  producing  a  periodic  limit  cycle.  . 

Prediction  of  tmtahdiilr*  in  combustion  chamber*  Is  difikuit  and  is  always  accompanied  by  Urge  uncertain- 
ties.  Consequently,  any  strategy  of  design  or  aatmitoa  ansi*  lit  practice  rely  heavily  on  experimental  work;  and 
on  anatysis  providing  a  framework  tor  Uric  under  si  an  interpretation  of  data  and'  dasigtdag  caperimcuu. 
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The  very  nature  of  the  instabilities,  that  they  are  seif-excited,  causes  considerable  trouble  both  for  treating  prob¬ 
lems  in  propulsion  systems  and  for  laboratory  experiments.  Experimental  work  is  time  consuming  and  expensive, 
due  to  the  difficulty  of  performing  controlled  and  reproducible  tests. 

Passive  measures,  as  described  in  the  preceding  section,  were  the  earliest  and  continue  to  be  the  only  practical 
means  of  treating  combustion  instabilities  in  operational  propulsion  systems.  While  often  effective,  they  have 
the  disadvantages  noted  above:  there  is  no  widely  applicable  theory  for  passive  control;  development  is  always 
a  costly  trial  and  error  process;  and  the  effectiveness  of  a  particular  design  is  inevitably  limited  to  a  relatively 
narrow  range  of  frequency  and  operating  conditions. 

Active  control  is  an  attractive  strategy  for  use  in  both  practical  and  research  problems.  It  is  not  a  new  idea 
and  has  appeared  in  several  limited  forms  in  the  past  35  years.  Tsien  (1953)  showed  how  the  chugging  instability 
in  a  liquid  rocket  motor  could  be  stabilized  by  controlling  the  supply  of  liquid  propellant.  His  proposal  was  based 
on  the  time  lag  model  of  the  supply  and  combustion  dynamics.  As  Figure  3.1  shows,  the  overall  time  lag  in 
the  system  is  composed  of  several  contributions.  Consequently,  it  is  not  necessary  to  affect  only  the  combustion 
processes  or  the  pump  characteristics  to  alter  the  stability.  Tsien’s  idea  was  to  manipulate  the  propellant  flow 
in  the  supply  lines  by  controlling  the  capacitance.  Figure  6.10. 


FIGURE  6.10 

The  theoretical  basis  is  readily  established  by  writing  the  equation  for  the  chamber  pressure,  a  result  that 
can  be  obtained  either  hy  considering  conservation  of  mas*  or  energy,  or  by  specialising  the  approximate  analysis 
described  hi  Section  2,  Then  we  expect  that  pressure  fluctuation*  will  satisfy  the  equation  for  a  damped  oseiilatuc, 
and  if  we  include  an  excitaliou  due  to  combustion  with  a  time  tag.  the  behavior  is  governed  by 

p  Zap  +  nt}p  h  Eftt-  r)  +  u(t)  (6.J) 

where  u(l)  1*  m  unspecified  input  control  function.  The  damping  coefficient  1*  o  >  O.wa  U  the  resonant  frequency 
of  the  chamber  and  ff  is  a  constant,  something  like  the  interaction  index.  Now  take  the  Laplace  transform,  with 
a  the  transform  variable  and  denoting  transforms  of  to  find 

H»)  (*‘  +  2o*  +  wj]  «  +  V{*)  (0.8) 

This  equation  can  be  interpreted  with  the  block  diagram  drawn  In  Figure  6.11. 


muutu 

Equation  (8.6)  and  the  Uoek  diagram  can  be  Halved  to  give 

(«) 

where  G  drome*  Urn  transform  ftettion  of  the  dumber  (the  ‘‘piae/t*  in  the  terminology  ef  annuel  theory)’ 

“w-isnha  <“> 
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The  solution  (6.7)  can  be  re-written  as 


PM  _  ?'-r _ 

U(s)  s3  +  iaa  +  (u§  4 


(6.9) 


Stability  of  the  system  requires  that  the  roots  of  the  denominator  have  negative  real  parts. 

Bbr  the  case  of  a  purely  bulk  mode  or  chugging,  the  term  a3  is  missing  from  the  denominator  of  G(s).  Tsien 
treated  the  problem  of  stability  by  applying  the  Nyquiat  criterion  to  the  denominator  of  (6.9).  Fbr  a  system 
with  time  delay,  the  form  due  to  Satche  (1949)  it  required;  see  Tsien  (1953, 1956).  This  method  was  applied  by 
Marble  and  Cox  (1953)  and  Marble  (1955)  to  more  complicated  forms  of  the  low  frequency  stability  problem. 

This  example,  progressing  from  formulation  of  wave  motions  in  a  chamber,  as  expressed  by  equation  (6.5), 
to  the  block  diagram  in  Figure  6.11  and  the  transfer  function  (6.9)  for  the  closed  loop  system  is  the  simplest 
illustration  connecting  combustion  instabilities  to  control  theory.  There  is  no  point  pursuing  details  here,  but 
this  brief  discussion  should  make  appealing  the  application  of  modem  control  theory  suggested  below. 

Application  of  “servo-stabilisation"  as  proposed  by  Tsien  may  have  been  attempted  in  a  laboratory  some¬ 
where,  but  it  appears  that  no  results  have  been  published,  and  certainly  this  method  has  never  been  adopted  in 
practice.  The  primary  reasons  seem  to  be  inadequate  sensors  and  instrumentation.  That  situation  is  very  differ¬ 
ent  now,  with  the  recent  developments  in  solid  state  devices  and  microprocessors.  While  practical  applications 
may  still  be  some  time  from  realisation,  there  is  ample  reason  to  pursue  research  on  the  problem,  and  indeed 
some  interesting  results  have  already  been  reported. 

Short  of  the  sort  of  intelligent  control  systems  envisioned  here,  there  have  been  several  efforts  in  research 
programs  to  gain  control  over  self-excited  instabilities  in  order  to  obtain  better  data.  A  device  invented  at 
ON  ERA  [Kuentsmann  and  Nadaut  (1975)]  used  a  rotating  exhaust  valve  to  modulate  the  flow  and  impose 
pressure  oscillations  on  a  burning  solid  propellant.  The  purpose  was  to  provide  a  controllable  means  of  measuring 
the  frequency  response  of  a  burning  surface,  Subsequently  the  method  was  modified  and  used  by  several  groups 
in  the  U.S.  and  England.  Another  technique  for  switching  oscillations  on  and  off  iuvolves  a  moveable  baffle 
(described  in  the  reference  manual  edited  by  Culick  (1974)].  This  technique  has  been  used  to  produce  several 
growth  aud  decay  periods  of  oscillations  during  a  firing  lasting  less  than  one  minute.  Similar  results  have  been 
obtained  with  a  resonator,  but  with  much  greater  difficulty  because  the  temperature  in  the  orifice  and  cavity 
changes  rapidly  during  a  test,  causing  great  problems  with  tuning.  All  such  methods  are  motivated  hy  the  nett! 
to  gain  some  measure  of  control  over  unstable  oscillations  in  laboratory  tests.  Here  we  are  more  concerned  with 
techniques  that  have  promise  for  application  to  full-scale  propulsion  systems. 

Ffowts- Williams  (19S4, 1986)  has  described  his  own  successes  and  those  of  others  in  the  use  of  active  control 
to  manipulate  acoustic  fields  at  normal  temperatures  and  pressure*  by  using  acoustical  interference.  The  essential 
idea  —  simply  stated  but  not  always  easily  realised  in  practice  —•  is  to  determine  the  characteristic*  of  the  given 
acoustic  field  and  use  that  information  to  control  secondary  sources  of  sound  so  as  to  produce  desired  results  by 
interference.  Must  obviously  a  “desired  result*  is  to  reduee  unwanted  noise  to  silence  -all  parents'  Holy  Grail. 
Ffowe*. Williams  call*  “anti-sound*  the  acoustic  field  injected  as  the  input  to  control  the  snbjeet  field. 

In  principle,  the  Idea  should  be  applicable  to  combustion  systems,  and  some  appareot  example*  have  already 
been  reported.  The  principle  of  Interference  well  caver  many  situations,  but  net  clearly  in  those  just  cited.  When 
the  primary  sources  of  the  aeoustic  wave*  are  themselves  sensitive  to  pressure  Rod  velocity  disturbances  -  as  the 
case  is  for  all  combustion  Instabilities  -  then  interactions  between  the  injected  “control"  field  and  the  source* 
become  a  central  Issue.  Consequently,  although  some  authors  may  (possiWy  with  Justification)  cite  their  results 
as  example*  of  the  application  of  “anti-sound ,*  it  seems  that  one  might  reasonably  be  skeptical, 

Sreenivasan,  Itaghu  and  Chu  (1983)  demonstrated  control  of  oscillation*  generated  In  a  UiJke  table  by 
introducing  a  secondary  heater.  The  idea  has  been  at  least  discussed  fiat  many  years  and  Ukely  tried  informally; 
some  earlier  results  were  reported  hy  Coilyer  and  Ayres  ( 1973)  hut  not  in  the  context  of  control.  If  the  fluctuation 
has  the  proper  phase  and  spaeial  distribution,  then  the  contribution  /  in  «,  equation  (3,79),  and  tine 

first  term  in  (3.53)  can  he  made  negative,  so  disturbances  are  attenuated.  In  the  Itijke  tube,  the  control  heater 
need  not  he  oscillated  by  external  mean*.  If  the  source  is  placed  in  the  upper  half  of  the  tube,  the  finer  unties 
heat  addition  arise*  from  interactions  with  the  velocity  and  automatically  has  the  phase  necessary  to  attenuate 
the  waves.  That  Is.  the  bent  source  in  fact  extracts  energy  from  the  field,  on  the  average.  Simitar  results  were 
obtained  by  Sreenivasan  U  et  al.  with  secondary  heaters  installed  in  an  organ  pipe  and  a  'whUtlermocrie*  The 
experiment*  are  interesting  and  useful  demonstration*  hut,  if  only  because  true  external  control  is  not  exercised, 
application  to  propulsion  systems  seems  a  doubtful  enterprise. 

Trite  active  control  of  Instabilities  has  been  demonstrated  In  a  series  of  works  carried  out  at  Cambridge 
University,  IHttcx  (1953)  and  Heck)  (19*3.  1986)  injected  acoustic  waves  with  a  loudspeaker  placed  neat  the 
end  of  the  tube.  The  speaker  was  placed  in  a  feedback  loop  allowing  coutrotlahW  gain  and  phase  Otises  used  a 
sensor  to  monitor  the  light  emission  as  a  measure  of  heat  release,  Thai  Information  was  processed  to  adjust  the 
loop  gate  sod  phase.  Heck)  used  the  outpt  of  a  microphone,  sensing  pressure  fluctuations,  as  the  signal  in  the 
feedback  loop  and  showed  that  the  inst abilities  could  he  suppressed  over  a  broad  range  of  phase.  That  result 
demonstrated  that  control  of  that  combustion  instability  i«  not  explained  by  the  principle  of  “anti-sound  *  which 
fequiica  a  weikdefioed  phase  rotation.  Evidently  the  injected  field  had  significant  effects:  on  the  beat  transferred 
to  the  oscillation*. 

Mote  recently,  Ohauidgf  *t  al  (1917)  have  controlled  instabilities  in  the  laboratory  burner  described  in 
Section  3.3  (Figure  3.9).  Control  *m  exerted  with  an  oscillating  plug  insetted  in  the  choked  Inlet  aeerie, 
Tkehniealiy  this  amounts  to  controlling  the  ndet  maw  8ow>  It*  average  value  l«  always  tern  Ion  live  amplitude 
and  phase  of  the  oreiilatlwa  can  be  varied.  There  useifiariou*  generate  pressure  wares  that  serve  the  same 
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purpose  as  those  produced  by  a  loudspeaker  (which  itself  actually  appears  as  an  oscillatory  source  of  mass).  The 
system  was  only  partially  successful  in  suppressing  the  instabilities,  reducing  the  amplitude  of  the  fundamental 
mode  by  somewhat  mote  than  half. 

Lang  et  al  (1987)  and  Poinsot  et  al  (1988)  have  reported  control  of  instabilities  in  a  subsonic  laboratory 
burner  supplied  with  gaseous  reactants.  Two  different  flameholdera  have  been  used:  a  plate  having  80  orifices, 
set  in  a  stream  of  ptemixed  gases;  and  a  more  realistic  configuration  comprising  an  array  of  three  rearward  facing 
steps  through  which  fuel  is  injected  into  an  air  stream.  In  each  case  a  microphone  was  used  as  sensor  to  excite 
loudspeakers  placed  upstream  of  the  flames.  Not  only  was  suppression  of  the  instabilities  demonstrated,  but  in 
the  most  recent  work,  the  authors  have  shown  the  great  usefulness  of  control  to  study  the  transient  behavior  of 
the  motions.  Active  control  will  no  doubt  be  a  useful  tool  in  laboratory  research. 

Langhome,  Dowling,  and  Hooper  (1988)  have  given  an  initial  report  of  their  results  for  a  method  which  may 
well  prove  to  be  the  most  effective  approach  to  controlling  combustion  instabilities  in  full-scale  systems.  Using 
the  apparatus  described  in  Sectin  52  [see  Figure  5.9]  they  successfully  reduced  the  amplitudes  of  an  instability  by 
introducing  a  controlled  secondary  supply  of  fuel  upstream  of  the  flameholder.  That  this  is  an  attractive  method 
follows  from  the  discussion  in  the  Introduction.  Instabilities  are  encouraged  in  combustion  chambers  because 
of  the  high  densities  of  energy  release.  The  power  involved  cannot  be  matched  by  mechanical  systems,  such 
as  loudspeakers,  and  response  times  as  well  may  be  inadequate.  Evidentally  the  most  direct  method  of  control 
should  be  based  on  manipulating  the  source  of  energy.  The  work  by  Langhome  et  el.  is  thoroughly  discussed  in 
a  paper  at  this  meeting. 

In  their  work  intended  primarily  for  study  the  noise  produced  by  convection  of  entropy  fluctuations  through 
a  supersonic  nozzle,  Zuloski  and  Auerback  (1978)  demonstrated  a  form  of  control  in  a  laboratory  device.  They 
produced  entropy  fluctuations  by  oscillating  the  temperature  of  a  nichrome  wire  heater.  The  heat  addition  caused 
fluctuations  of  both  temperature  and  pressure,  the  latter  accompanying  the  unavoidable  density  fluctuations, 
With  an  oscillatory  bleed  valve,  they  were  able  to  compensate  the  pressure  fluctuations,  leaving  nearly  pure 
temperature  or  entropy  waves.  Thus  they  demonstrated  simultaneous  control  of  mass  and  energy  sources. 

The  approximate  analysis  developed  in  Section  2  has  a  form  that  is  naturally  adapted  to  applying  the  theory 
of  control  of  distributed  systems  (Murray- Lasso  (1988);  Gould  and  Murray- Lasso  (1966);  Balsa  (1977;  1982)]. 
State-feedback  control  can  be  applied  to  distributed  systems  after  decomposition  of  the  general  motion  into 
modes,  as  accomplished  in  Section  2.  The  state  of  the  system  it  then  specified  by  the  matrix  of  amplitudes 
•)»  and  amplitude  velocities  {ih,tj5,...;iH,ih,...}7\  Yang,  Sinha  and  F\tng  (1988)  have  first  discussed  the 
application  of  model  control  to  the  problem  of  combustion  instabilities  and  have  given  some  preliminary  results 
of  a  simulation,  it  appears  that  neither  this  nor  any  similar  method  has  been  tested  on  an  actual  combustion 
instability, 

The  baxie  ideas  are  easily  explained,  but  successful  application  will  require  considerable  further  research. 
Simply  Incorporating  some  sort  of  feedback  control  it  by  no  meant  a  guarantee  that  the  system  can  be  stabilized 
—  for  example,  a  stable  oscillator  can  be  converted  to  an  amplifier  with  the  addition  of  feedback.  In  order  to 
achieve  success  with  active  control  of  combustion  bistabilities,  it  is  essential  to  have  a  thorough  understanding 
of  tiie  system  in  question,  particularly  of  the  responsible  mechanisms.  There  is  no  point  here  in  speculating  on 
possible  control  taws,  or  on  live  potential  problems  that  may  arise  with  use  of  modal  control,  but  we  can  at  least 
indicate  why  this  appears  to  be  a  sensible  strategy  to  ptusue. 

To  control  combustion  instabilities  means  to  exert  external  influence  on  the  unsteady  mass,  momentum  w 
energy  in  the  chandler.  Whatever  physical  means  may  bo  devised,  the  control  Inputs  must  theoretically  appear 
as  sources  In  the  conservation  equations  (2,1)  -  (3.4)  and  in  subsequent  forms.  Thus,  in  equations  (3.18)  =  (3.30). 
we  may  add  control  inputs  VV„/,  and  V,  on  the  right  hand  sides,  their  particular  forms  depending  on  the  kind 
of  control  used. 

In  the  examples  treated  shove,  Steenivasan  et  al  used  control  (Untiled)  of  an  energy  source;  all  others  worked 
with  a  mass  source,  except  la  their  most  recent  work,  Langhome  it  si.  controls  the  energy  source  by  modulating 
a  secondary  fuel  supply.  In  order  to  give  a  couplets  analysis  of  their  results,  it  would  he  necessary  also  to  analyze 
the  basic  mechanisms  of  the  instabilities,  for  they  were  dearly  steeled  try  the  motions  Induced  by  the  control 
inputs. 

The  control  source  term*  add  conitibiiions  to  Jk  and  /,  and  the  wave  equation  (341)  with  Us  boundary 

ft-Vp'  w -/-/* 

Application  of  the  expansion  In  the  modes  e,(O*M'0  proceeds  as  in  Section  24,  lending  now.  Instead  of  (24$). 
id  itw  of  fof  ihf 

*5f+t 4*.  *«.+*•(»)  («*») 

where  n4>)h  the  control  input  to  then*  mode 

- . &{/  hclMV  +  j^atls}  (d.12) 

if  Itere  fat  ad  or  bum*  Mwk  tte  tquftliaitt  (l&i)  mkS  (ttt)  t,  b  g>vt  iW  part  U  ft, 

ii  **  M  ifadgfa  ♦  (6.U)  j> 

w  -8nstea^*(»4“^(iU)q.t.^4  +  w.W  ($13) 


where  Fj?L  stands  for  the  nonlinear  part  of  the  forcing  function.  If  nonlinear  behavior  is  ignored,  each  of  the 
os  dilator  equations  has  the  same  form  as  (6.S)  -  it  is  trivial  to  incorporate  a  time  lag  model,  and  of  course  a, 
here  contains  both  energy  sources  and  damping,  for  which  the  contributions  are  negative. 

7b  incorporate  feedback  control,  the  state  of  the  system  must  be  sensed:  that  is,  the  unsteady  pressure  and 
its  rate  of  change  must  be  measured,  say  at  S  points,  and  the  output  signal  is  the  matrix  {vi.yj,.  ••  ,Vs},  where 
the  a,k  element  is  the  signal  measured  at  the  position  f.  in  the  chamber: 


P  pm 

Because  the  pressure  field  is  represented  by  an  expansion  in  modes,  and  in  practice  only  a  finite  number,  ft,  can 
be  treated,  (6.13) 

tf.M  =  e.£>(W«  (?.)  +  <*.£>)*.  (r.)  (6.16) 

*a|  Mil 


In  matrix  form,  the  sensor  output  is 


<•»-**{;} 


where  C  is  sn  S  x  2ft  matrix.  • 

The  control  input  (6.12)  is  due  to  a  finite  number  of  actuators;  in  the  earlier  examples,  heaters  or  loudspeakers 
were  used.  Their  presence  can  be  represented  in  hc  and  /*,  so  V„(t)  can  be  made  explidt,  except  that  the 
amplitudes  for  the  actuator  motions  depend  on  the  control  law  chosen.  In  practical  systems,  it  is  hardly  likely 
that  simple  heaters  or  loudspeakers  will  be  effective  in  combating  combustion  instabilities.  The  fast  response 
necessary,  and  the  energy  requirements,  probably  will  dictate  either  active  control  of  the  fuel  supply,  or  some 
other  method  of  directly  affecting  the  mechanism  of  the  instability. 

Whatever  the  form  of  physical  control  chosen,  the  control  matrix  (u)  can  be  computed  according  to  equation 
(6.12).  In  general,  all  actuators  will  affect  all  modes,  and  all  u»(t)  are  non-xero.  Yang  e<  cl.  outlined  the  use 
of  this  formulism  as  the  basis  for  a  digital  control  system  using  a  wro- order- hold  technique.  Their  analysis  is 
entirely  formal,  with  a  simulation  to  confirm  their  proposal.  Neither  they  nor  anyone  else  have  attacked  the  far 
more  difficult  problems  of  applying  these  ideas  to  suppress  combustion  instabilities  In  a  full-scale  system.  It's 
an  area  of  research  that  holds  much  promise  for  productive  results  in  the  near  future,  a  possible  solution  to  the 
probtott  ot  comburtiott  whose  linre  hw  irfivtti. 


T.  Concluding  Remarks 


The  operating  renditions  in  high  performance  combustion  chambers  are  such  that  there  will  always  be  high 
probabilities  for  disturbances  to  be  unstable.  Experience  during  the  past  four  decades  has  clearly  shown  that 
one  must  expect  a  new  design  always  exhibit  Instabilities,  While  research  has  established  the  principles  fee 
constructing  stable  combustion  chambers,  in  practice  the  requirements  may  be  poorly  understood  or  violated  In 
efforts  to  improve  steady-slate  performance. 

It  is  therefore  essential  that  continuing  stork  on  three  problems  be  directed  to  deeper  understanding  of 
the  mechanism*  of  combustion  instabilities;  const  rue.  ting  more  powerful  and  widely  applicable  analysis;  and 
development  of  new  methods  for  suppressing  iuslabUiite*  when  they  arise  in  full-scale  systems.  Recent  progress 
in  sensors,  toxirumeutatk*  and  computing  resources  offer  significant  new  opportunities. 

Understanding  mechanisms  requires  extensive  and  careful  laboratory  experiments  as  well  as  thorough  anal¬ 
ysis  of  Instabilities  In  full-scale  systems-  Three  dominant  mechanisms  have  been  emphasised  here:  liquid  droplet 
formation,  vaporisation  and  combustion;  vortex  shedding  and  combustions  and  convective  waves.  FW  many 
years,  mechanisms  have  been  interpreted  with  a  time  tag  model  This  representation  of  the  coupling  between 
gasdynamlcs  and  unsteady  mass  and  energy  release  has  been  sueeemfoily  used  in  both  research  and  design. 
However,  aa  emphasised  in  Section  3.1,  the  use  of  the  two  parameters  tr»  the  interaction  index,  and  r,  the  time 
tag.  Is  not  to  be  confuted  with  understanding  what  is  really  happening.  Global  correlations  of  data  without  firm 
basis  on  fundamental  processes  have  limited  predictive  value  and  ranges  of  application, 

With  the  development  of  higher  perform;**  propulsion  systems,  the  most  effective  strategy  (and  cheapest 
in  tire  tong  run)  to  treat  combustion  instabilities  mutt  be  founded  on  research  devoted  to  basic  problem*,  It 
seem*  clear  that  for  all  three  types  of  liquid-fueled  systems,  U  is  essential  first  to  understand  thoroughly  the 
steady  and  unsteady  processes  tending  foam  Injected  liquid  to  combustion  of  gaseous  reactants.  Already  much 
ha*  been  learned  in  recent  research  an  these  subjects  that  ha*  not  been  incorporated  in  studios  of  combustion 
inslabttttte*.  Much  remains  to  be  done,  but  the  main  point  U  that  it  should  no  longer  be  necessary  to  rely  so 
heavily  on  vague  applications  of  the  «  -  t  model  Modern  experimental  methods,  including  high  speed  non- 
intrusive  measurements  and  flow  visualisation,  provide  wide  opportunities  for  obtahriag  closer  definition  of  the 
processes. 

w&tk  on  Wnt  &  iliiwp  $$  mi  tjf  ity  posiibttrtVrfr 

.  In  addition  to  tests  on  realistic  configurations,  related  laboratory  tests  and  detailed  numerical  analysts  have 
presided  the  beginning*  for  understanding  the  haste  processes  involved.  The  research  is  certainly  am  complete, 
and  satisfactory  connections  with  design  have  yet  to  be  made,  but  the  direction  of  progress  is  merest.  Week 
on  this  snbjcct  and  on  the  processes  of  sprgy  formation  and  msnbuatfon  should  be  directly  applicable  to  thrust 
augracM«re  as  well. 

Analysis  of  the  complete  problem  in  combustors  ante*  as  a  global  framework  important  to  both  research 
and  design.  It  is  essential  that  prepared  mwtesaheas  to  chsehad  thoroughly  with  all  retevant  proaaaes  accounted 
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for;  failure  to  do  to  will  quite  likely  produce  incorrect  end  misleading  retulu  as  discussed  in  Section  3.2.  Modern 
computing  resources  are  now  capable  of  handling  full  three-dimensional  problems  and  the  time  has  arrived  for 
serious  application  of  computational  fluid  dynamics  to  problems  of  combustion  instabilties. 

Such  calculations  are  expensive  and  will  not  in  the  fotseeable  future  be  useful  for  routine  design  work. 
Moreover,  it  will  likely  always  be  true  that  significant  uncertainties  will  accompany  some  of  the  necessary  input 
information,  especially  for  the  unsteady  combustion  processes.  And  of  course  there  is  always  the  feature  that 
each  numerical  calculation  provides  results  only  for  one  case. 

Nevertheless,  numerical  analysis  is  important  for  several  purposes.  As  for  the  external  aerodynamics  of  a 
missile  or  aircraft,  CFD  can  be  used  in  the  design  process.  However,  the  corresponding  application  to  combustion 
instabilities  must  await  further  progress  in  understanding  the  fundamental  processes  in  a  combustion  chamber. 

Recent  work  on  the  flow  fields  in  dump  combustors,  and  similar  calculations  for  solid  fueled  rockets,  have 
demonstrated  that  much  can  be  learned  even  at  this  stage.  Equally  important,  although  incomplete  and  limited, 
the  analyses  serve  as  necessary  steps  in  continued  development  of  analytical  tools. 

For  moat  applications  and  theoretical  work,  approximate  analysis  in  one  form  or  other  will  probably  always 
be  the  primary  method  of  doing  calculations.  One  framework  has  been  described  here  in  Section  2;  its  usefulness 
has  been  illustrated  in  several  places.  It  affords  a  rapid  and  simple  way  of  assessing  mechanisms  and  predicting 
trends  of  behavior;  and  in  combination  with  test  results,  it  provides  guidelines  for  design. 

An  important  step  that  has  yet  to  be  taken  is  dose  coordination  of  approximate  and  numerical  analyses. 
Because  of  the  assumptions  required  to  simplify  the  equations,  any  approximate  analysis  is  always  accompanied 
by  uncertainties  in  the  results  that  are  not  completely  known.  The  only  way  to  assess  accuracy  is  to  compare 
approximate  results  with  those  obtained  by  an  accurate  numerical  analysis.  Limited  comparisons  of  this  sort 
have  been  done  for  instabilities  in  solid  rockets,  showing  that  the  approximate  analysis  is  accurate  under  broad 
useful  conditions  and  can  also  be  helpful  in  understanding  unexpected  numerical  results. 

Nonlinear  behavior  of  combustion  instabilities  is  an  important  opic  not  covered  in  this  survey.  Because 
combustion  instabilities  are  self-excited  oscillations,  they  reaeh  limiting  amplitudes  only  because  one  or  more 
nonlinear  processes  are  active.  There  are  two  classes  of  uonlinear  p.  ibleius  to  be  considered  theoretically:  1)  what 
are  the  conditions  for  existence  and  stability  of  limit  cyeles?;  and  2)  under  what  conditions  is  a  linearly  stable 
system  unstable  to  a  sufficiently  large  initial  disturbance?  These  problems  have  received  some  attention,  chiefly 
with  approximate  analysis,  but  much  remain*  to  be  learned.  The  subject  of  nonlinear  behavior  is  fascinating 
theoretically,  and  already  some  results  useful  in  practical  situations  have  been  obtained. 

It  appears  that  the  confluence  of  modern  experimental  and  analytical  research  will  provide  the  basis  for 
applying  methods  of  active  control  to  problems  of  combustion  instabilities.  The  possibility  Is  attractive,  and 
may  seem  almost  obvious,  but  practical  realisation  is  far  off.  Initial  results  obtained  In  laboratory  tests  with 
and  without  combustion  have  illustrated  the  premise.  However,  the  differences  between  the  conditions  in  those 
device*  and  in  full  scale  propulsion  systems  must  be  recognised.  Successful  application*  will  surety  require 
thorough  understanding  of  the  mechanisms  causing  instabilities  In  the  actual  systems;  results  will  be  required  of 
all  the  subjects  covered  in  this  review. 
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DISCISSION 


A.  P.  Dowling,  US 

I  am  surprised  by  your  statement  that  the  design  of  a  aueeesnfui 
active  controller  requires  a  detailed  understanding  of  local 
combustion-flow  interact  tons.  Usually  the  implementation  of 
'anti-sound'  or  active  control  requires  only  global  properties,  and 
the  transfer  functions  are  aore  frequently  measured  than 
predicted.  Would  you  care  to  elaborate? 

Author's  Reply: 

l  base  ay  coament  on  the  notion  that  the  most  effective  control  of 
a  complicated  physical  system  generally  requires  understanding  the 
system  itself.  That  forms  part  of  the  basis  for  designing  the 
controller.  While  it's  true  that  knowing  only  the  transfer  functions 
may  on  occasion  bo  adequate,  that  information  already  implies  at  least 
partial  knowledge  of  the  system.  Especially  if,  as  the  case  is  for 
combustion  chambers,  nonlinear  processes  may  be  important,  I  suspect 
that  success  will  rest  substantially  on  knowledge  of  the  physical 
behavior. 
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SUMMARY 

This  paper  discusses  an  aspect  of  combustion  instability  that  is  generally  unrecognized, 
but  which  has  a  critical  influence  on  aircraft  gas  turbine  engine  operability.  The  basic 
lean  combustion  limit  (static  stability)  of  a  combustor,  when  coupled  with  engine  system 
dynamics,  can  result  in  the  inability  of  an  engine  to  recover  from  a  compressor  stall.  This 
is  a  most  serious  event  for  a  tactical  fighter/attack  aircraft  engaged  in  air  combat. 

The  coupling  of  combuator  static  stability  characteriatios  with  engine  system  dynamics 
is  reviewed,  a  hypothesis  presented,  solution  approaches  suggested  and  plans  to  address  this 
challenge  discussed. 

INTRODUCTION 

Combustor  designers  are  generally  concerned  with  two  aspects  of  stability.  The  first 
is  static  stability  which  is  the  range  of  conditions  over  whieh  combustion  process  is  stable. 
Outside  of  this  range,  the  combustion  device  will  not  release  energy.  The  second  aspect  is 
dynamic  stability  which  is  often  referred  to  as  resonance  in  main  combustors  and  screech  in 
augmentors.  Dynamic  instability  must  be  avoided  because  of  its  destructive  nature. 

There  is  another  stability  characteristic  that  is  not  usually  recognised.  It  is  pseudo 
dynamic  stability  which  has  a  strong  influence  on  engine  operability.  It  may  manifest 
Itself  during  fighter  aircraft  combat  maneuvers  which  result  in  an  engine  compressor  stall. 

If  Che  combustor  doe*  not  continue  to  deliver  energy  during  the  highly  dynamic  stall  event 
(it  blows  out),  then  the  engine  may  net  recover  from  the  stall.  Loss  of  power  during  combat 
can  be  catastrophic. 

During  a  stall  event,  the  fuel  flow  remains  relatively  stable,  bus  the  airflow  varies 
widely  from  positive  through-flow  to  negative  back-flow  In  the  combustor,  for  the 
combustor  process  to  continue,  there  r  jst  always  be  a  region  of  reaction  to  pilot  the  bulk 
stream.  If  the  heat  less  from  the  pilot  area  exceeds  the  heat  release,  or  it  the  pilot  U 
removed  completely,  then  the  combustion  preeea*  will  be  extinguished  and  the  engine  will 
eease  to  operate. 

Engine  system  dynamic  stall  events  and  their  influences  on  the  combustion  process  are 
not  normally  considered  by  combustion  system  designers.  The  purpose  of  this  paper  is  to 
draw  attention  to  this  issue  and  to  suggest  the  combustion  system  design  should  Include 
consideration  of  combustion  influence  on  compressor  stall  recovery)  this  will  be  referred 
to  as  "operability'*. 

THE  MAIN  COMBUSTION  SYSTEM 

Hie  tyoleal  turbojet  engine  contains  a  combustor  which  appears  to  be  a  simple 
component,  but  which  is  fundamentally  the  most  complex  component  In  the  engine.  As  a 
result,  it  ie  not  well  understood.  Figure  1  Illustrates  why  this  device  has  earned  Its 
“black  art"  nteknsme.  The  esmbustor  deslgner/develeper  must  satisfy  many  conflicting 
retirement*  while  dealing  with  three  dimensional  and  lecally  separated  flows,  multiphase 
chemically  reacting  flows,  velocities  that  vary  from  Mach  .4  to  less  than  Mach  .6, 
temperatures  that  range  from  >63  deg.  F  to  wore  than  4000  deg.  F.  pressures  that  range 
from  3  FSIA  to  wore  than  600  FSIA,  and  fuel/air  ratios  that  cover  up  to  an  A/ l  range. 

The  eowhuetor  wust  deliver  near  lOOt  chemical  efficiency  over  a  wide  operating  range  and 
produce  low  exhaust  smoke  omission. 
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FIGURE  2 i  COMBUSTOR  REQUIREMENT  TRENDS 


Figure  2  shows  that  future  designs  will  be  even  more  of  a  challenge ,  Temperature 
rise,  hence  fuel/air  ratio  is  increasing  which  esuses  the  amount  of  airflow  used  in  the 
combustion  process  to  increase.  This  trend  toward  increased  combustion  process  airflow 
and  higher  overall  fuel/air  ratio  increases  the  engine  operability  challenge. 


COMBUSTOR  STATIC  STABILITY 

A  combustor,  "SnceTtarted,  will  continue  to  release  energy  as  long  a*  the  energy 
release  In  the  reacting  gases  is  equal  to  or  greater  than  the  energy  loss  from  the 
reacting  gases.  When  energy  loss  exceeds  energy  release,  the  reacting  gas  temperatures 
drop  below  the  level  at  which  combustion  can  occur. 


The  environment  in  which  combustion  is  desired  is  very  important,  Reducing  pressure 
and/or  inlet  gas  temperature  reduces  the  probability  of  achieving  a  self  sustaining 
reaction,  as  does  increasing  the  through-flow  velocities  in  the  combustor.  Therefore, 
static  stability  is  a  function  of  reacting  fuel/air  ratio,  pressure,  temperature  and 
through-flow  velocity.  Figure  3  shows  a  typical  combustor  stability  envelope t  combustion 
Inside  the  envelope  Is  possible,  but  stable  combustion  outside  the  envelope  is  not 
attainable. 
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FIGURE  3t  CGHBUSTOR  STABILITY  ENVELOPE 


If  a  tvrbojet  engine  had  to  operate  at  only  a  single  design  point  within  the 
stability  envelope,  there  would  be  no  static  stability  challenge,  Design  of  such  a 
device  would  be  relatively  easy,  however,  the  engine  must  be  started  frost  ground  level 
through  high  altitudes  and  power  level  must  be  variable  from  maximum  to  idle.  Transients 
such  as  deceleration  from  maximum  to  idle  power  must  be  possible.  This  places  severe 
demands  on  the  combustor.  Figure  3  also  show*  the  path  a  transient  might  take  on  a 
combustor  atabllity  wap.  The  path  must  remain  within  the  “combustion  possible*  region. 

Tne  challenge  to  satisfy  this  requirement  is  made  were  difficult  by  increasing  the 
temperature  rise.  The  effect  of  this  is  shown  by  Figure  4.  A  larger  turn  down  of  the 
fuel/air  must  be  aecesmtodated  which  results  in  operation  nearer  the  stability  limit  of 
the  combustor. 
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FIGURE  4 i  COMBUSTOR  STABILITY  AT  HIGHER  TEMPERATORE  RISE 

The  static  stability  requirement  is  not  nevicombustion  systems  have  been  successfully 
accommodating  this  since  the  Whittle  engine.  What  is  new  is  a  recognition  that  engine 
system  dynamics  during  a  transient  can  eouple  with  the  combustor  static  stability 
characteristic  to  result  in  a  blow  out  where  none  would  be  predicted. 

ENGINE  STALL  RECOVERY 

During  violent  maneuvers,  such  as  those  typieal  of  fighter  aircraft  in  combat,  airflow 
into  the  compressor  can  become  so  distorted  that  the  compressor  stalls  or  ceases  to  pump 
air  into  the  engine.  The  high  pressure  sir  in  and  aft  of  the  compressor  reverses  flow 
direction!  pressure  in  and  downstream  of  the  compressor  drops  rapidly  whieh  “clears"  the 
stall  and  allows  the  compressor  to  resume  pumping  sirflow  into  the  engine.  If  the  cause 
of  the  original  stall  la  removed,  the  engine  will  operate  normally!  if  not,  stall  cycles 
may  continue  tu  repeat  uneil  the  system  recovers.  Should  the  engine  power  level 
deteriorate  too  far  during  stall  cycles,  the  compressor  may  suffer  local  circumferential 
stalls  known  as  rotating  stall.  The  engine  system  must  be  shut  down  and  restarted  to 
dear  this  stall.  It  is  desired  the  engine  recover  from  a  stall  without  shutdown! 
shutdown  is  a  loss  of  operability. 
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ENGINE  STALL  RECOVERY  EXPERIENCE 

Experience  has  taught  that  tembustlen  system  modification*  can  remit  in  improved 
engine  recovery  from  stalls.  Figure  S  show*  that  one  typieal  engine  was  far  mt e 
successful  using  fuel  noaalet.  having  part  of  the  fuel  asoalaed  by  fuel  pressure  drop 
than  when  using  more  advanced  and  desirable  air  blast  fuel  noasles.  A  clear  understanding 
of  why  this  Is  so  may  provide  insight  to  enable  design  of  combustion  systems  that 
contribute  to  engine  atall  recovery. 

iswyu*  dwwa  m  ■ 

Figure  t  shows  a  time  history  of  combustor  pressure  during  a  stall.  The  stall 
occurred  when  fuel  was  added  causing  an  increase  in  cembustor  exit  temperature .  the 
increased  exit  temperature  resulted  in  increased  combustor  pressure  which  caused  the 
compressor  to  stall.  Upon  stall,  pressure  dropped  to  a  very  much  lower  value  whieh 
allowed  the  stall  to  clear  and  pressure  increased  hack  toward  the  level  needed  to 
satisfy  flow  function  requirements  In  the  turbine, 
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FIGURE  6>  COMBUSTOR  PRESSURE  DURING  ENGINE  STALL 

The  data  show  a  momentary  drop  in  comburtlon  pressure  as  the  pressure  increased 
coward  the  point  where  another  stall  cycle  was  initiated.  After  several  of  these  cycles, 
this  system  recovered  to  a  "steady  state"  level  below  that  demanded  by  combusting  flows 
the  combustor  had  '‘blown  out".  The  eoohuation  process  was  reinitiated  (by  a  spark)  and 
the  stall  cycles  started  again,  but  quickly  changed  character  to  a  stable  rotating  stall 
froa  which  engine  recovery  does  not  occur.  The  engine  oust  be  enut  down  and  restarted. 

Close  examination  of  such  data  leads  to  the  conclusion  that  the  combustor  experienced 
partial  blow  out*  on  recovery  from  each  stall  event  and  finally  suffered  complete  blow 
out.  Study  of  similar  data  from  stall  events  where  the  engine  recovered  shows  complete 
blow  outs  did  not  oeeur.  The  engine  hat  a  chance  to  recover  if  combustion  can  be 
maintained.  Investigations  were  initiated  to  determine  why  blow  out  (secure  where  the 
engine  metered  fuel/alr  ratio  remained  well  within  the  stability  envelope  of  the  combustor 
One  clue  was  provided  by  the  engine  data  that  indicated  one  type  of  fuel  neaale  was  better 
than  another  (Figure  5), 


ttSUSE  ft  FUEL  SdiSU  RESPONSE  31*186  UtotfcE  STALL 


An  air  blast  fuel  ssasle  was  extensively  instrumented  and  data  taken  during  engine 
stall  testing,  Figure  1  thaws  tone  typical  data  which  indicates  the  fuel  pressure  sr  the 
noarle  tip  is  very  near  that  in  the  combustor,  and  the  fuel  temperature  in  the  tip 
Initially  increases  significantly  during  the  transient.  Analysis  »f  fuel  pressure,  and 
teepetature  data  taken,  during  a  stall  shewed  that  seme  fuel  vaporisation  could  be  expected 
As  the  engine  recovered  from  a  stall,  fuel  vspor  existed  in  the  fuel  nosale.  Combustor 
pressure  increased  and  caused  the  . vapor  to  compress  Into  a  liquid.  As  fuel  vapor 
compression  occurred,  less  fuel  was  delivered  to  the  combustor  than  was  metered  by  the 
.engine.  The  metered  flow,  was  within  the  combustor  stability  cone,  but  the  transiently 
delivered  fuel/alr  ratio  was  below  the  blow  out  limit.  This  hypothesis  has  been 
confirmed  by  testing,  with  heated  and  cooled  fuel  and  by  testing  with  fuels  hawing 
different  vaporisation  temperatures. 

■' fiW8WB_lUBttlli8 ' 

A  how  requirement  for  the  combustor  designer  to  consider  has  been  presented.  The 
combustion  system  pseudo  dynamic  characterisitics  play  a  very  important  roll  in  enabling 
an  engine  to  recover  from  a  stall  event.  Stall  recovery  is  especially  important  for 
fighter  aircraft  engines  where  the  probability  of  encountering  stalls  will  always  be  high. 
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The  combustor  static  stability  characteristic  and  the  fuel  system  dynamic  behavior 
appear  to  be  fundamental  to  enabling  an  engine  to  recover  from  a  stall.  The  combustor 
fuel/ air  ratio  must  remain  in  the  stable  range.  Bov  to  achieve  that  is  the  challenge> 
some  possible  improvement  approaches  includes 

o  Improve  combustor  stability 

o  Reduce  fuel  temperature 

o  Reduce  fuel  volatility 

o  Increase  pressure  in  the  fuel  nozzle. 

The  U.S.  Navy  is  supporting  efforts  to  investigate  hov  to  achieve  improvement  through 
research  programs  using  a  nev  dynamic  combustion  facility.  Figure  8  shovs  the  basic 
facility  arrangement,  and  Figure  9  illustrates  its  capability.  A  complete  description 
of  this  facility  and  its  operatic**  a  presented  in  Reference  1.  This  unique  facility  is 
capable  of  imposing  normal  engine  transients  and  engine  stall  transients  on  a  model 
combustor  so  that  behavior  can  be  studied. 
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CHARACTERISTICS  OF  COMBUSTION  DRIVEN  PRESSURE  OSCILLATIONS  IN  ADVANCED 
TURBO-FAN  ENGINES  WITH  AFTERBURNER 


8  E  HENDERSON  AND  J  S  LEWIS 
Rolls-Royce  pic.  Fllton,  Bristol 


SUMMARY 

Development  ol  a  high  trust  to  weight  ratio  engine  requires  that  the  maximum  afterburner  thrust 
boost  Is  achieved.  The  achievement  of  this  thrust  boost  must  be  free  of  potentially  damaging  pressure 
oscillations. 

The  characteristics  of  both  low  and  high  frequency  combustion  driven  pressure  oscillations  associated 
with  the  afterburner  of  an  advanced  turbo-fan  engine  are  described.  These  oscillations  are  related  to 
the  geometry  and  flow  conditions  of  the  afterburner  and  engine. 

Models  of  the  characteristics  have  been  developed  based  on  experimental  and  theoretical  techniques.  It 
Is  shown  how  these  hove  been  used  to  ensure  unrestricted  operation  of  the  afterburner  system  throughout 
the  reautred  operating  range. 

AFTERBURNER  DESCRIPTION 

The  development  of  the  turbofan  afterburner  rysum  being  considered  Is  well  documented  In  REF  t.  n 
brief  description  follows 

The  afterburner  Is-  described  as  a  m'x/burn  system  (Fig  ))  the  essential  feature  of  wnlch  is  to  keep  the 
bypass  end  cere  streams  of  the  turfeoten  engine  separate  until  the  tlumeholder  plena.  The  degree  of 
mixing  between  the  two  streams  Is  limited  to  ensure  that  once  tuvt  Is  Injected  into  a  stream  It  remains 
with  <hs  airflow.  Problems  have  been  observed,  particularly  with  injection  of  furl  into  the  cold  bypass 
stream,  where  droplets  take  up  the  Initial  air  direction  but  d «  not  follow  subsequent  mixing  patterns 
resulting  in  non -Ideal  tuel-en  ratio  distributions. 

An  advantage  of  this  style  ol  afterbomtt  Is  thst  (lameholdars  end  fuel  Injectors  appropriate  to  the 
local  gas  eendltiuns  can  be  specified.  Retevlng  to  Fig  1  simple  annular  V*  section  tlamehoiders  with 
upstream  fuel  injection  ere  provided  in  the  cere  stream  whilst  tha  more  difficult  combust.on  conditions 
in  the  bypass  stream  are  accommodated  by  a  separately  fuelled  vaporising  primary  <tona  with  raptctlon  of 
the  roam  fill  fuel  co- plans*  with  the  primary  ions. 


hfliwo  \  Tutboten  Afterburner  System 


the  jar  pipe  is  pmtsited  by  a  sM«ach  damper  to  tna  vtcmttv  of  ibe  ftamcfcehiar  and  than  by  a  him 
coatee  boat  this  tour  alia  provides  coating  «e  to  ptotect  Usa  pr  upturns  mn la 

CLASSIFICATION  OF  COMBUSTION  INSTABtUTtES 

•  one  aaartvnws  the  pressure  pgnsi  form  so  etterbetnyr  unsar  normai  operytvtg  c«o*hpo»  seme  ransom 
satiatiao  wet  be  present  t*  there  is  e**v«t  an  dement  at  iusvewdy  presetst  at  true  sarWustvjn 
process  ftwretwe  prat  turn  ttocfesiien  «  .  Used  n  set  as  sdmelti  deFnatars  el  combustion 
aistjbhtt  At  eftsrbuioar  *ut!  err  rede  is  stressed  *  strata  brass  appear  m  the  ptesthtt'tteaosncy 
spectrum  sod  tt  m  unto  these  MMttehfces  at  thief  era  treweerury  that  ties  paper  is  concerned 

these  *spete  treyvaoews  arp  pceem  m  oeture.  berog  pressure  wanes  uaisemg  between  boundaries 
•hWo  *he  atwfc>rnsr  rename  ter  the  pur  put*  ot  this  paper  me*  have  wwo  tratsrfcep  rate  trap  type* 

the  te*e>.  range  el  Lepoantw*  typstWy  W  doO  iu  are  characterised  as  eioosi*  waves  Paaefcop 
runs**  eland  the  enrjsoefstteaHfMP .  ana  bounded  by  the  ten  er  fur  base  *tw  Pm  p  yews  Hattie.  three 
eestepdrbea  ere  snamnas  butt 

the  mphef  tangs  cl  trepeM^we  w»s*  tth  are  eceest*  revet  at  a  plane  et  right  pjpu  ta  the  jet 
eg*  ews  and  new  deectutn  bed  are  termed  itrms  A*  war  be  Mdtytw  later  a  number  at  discrete 
herprewcat  can  east  derma  scratch  •***».  spate  at  these  era  harmonic*  ol  one  acaustie  made  tun  e  h 
afsa  apparent  that  ddtereM  modes  can  panL  trentyhrs*  teami.  tiitjaatiiL  etc  the  hnmauifi  at 
these  teedea  ts  tweed  ta  naearewut  tmayt  matin  the  nher  burner 


It  his  already  been  stated  that  aftarbumar  buss  is  a  low  frequency  acoustic  wavs.  Its  prasanca, 
magnitude  and  fraquancy,  has  baan  datacted  by  monitoring  prasiura  within  tha  jet  plpa.  A  piaio-alactric 
transducer,  which  maasurss  tha  fluctuating  portion  of  tha  prassura  signal,  was  flush  mounted  on  tha  let 
plpa  skin.  It  was  positioned  upstream  of  tha  tlameholder  to  avoid  environmental  problems  for  tha 
transducer. 

A  typical  output  (Fig  2)  shows  how  tha  signal  develops  as  tha  afterburner  fuel  air  ratio  Is  Increased. 
Tha  signal  changes  from  being  random  in  nature  to  exhibiting  a  frequency  peak  which  than  Increased  In 
amplitude. 


Fiuuf  s  2  Dtvetopmvnt  of  Pressure  Spsctrun  with  Increasing 
Afterburner  Fuel  Air  Ratio  (a)  to  (4) 

Why  are  we  concerned  about  aftarbumar  bout  4  it  were  allowed  to  continue  unchecked  tha  cyclic 
pressure  loads  produced  eouW  severely  MmH  tha  Ida  of  tha  alter  burner  It  tha  bust  frequency  were  to 
be  sotneldeni  with  the  nature)  frequency  of  e  component  In  tha  afterburner,  or  indeed  any  pert  of  the 
engine,  the  alter,  of  the  (treasure  satiation  would  be  magnified  fsemntng  the  engine  inn  sited  tn  an 
airframe  bust  appears  at  a  peek  tn  the  noise  spectrum  Horn  tne  engine  eahauu  ««ut  wnl  impose  cyclic 
pressure  loads  on  the  aircraft  structure,  finally  tow  layers  ot  buss  (of  the  u.-dei  of  2%  pr assure 
variation;  have  baan  reported  aa  audible  a <A  deemed  unacceptable  by  pilots. 

STEADY  STATE  BUZZ 

The  onset  end  twenty  of  ettarpumar  bust  his  been  ttiafed  to  fuel  air  ratio  On  min  than  burn 

i ortolan  afterburners  the  mean  segued  fuel  so  >*tw  is  used  tn  describe  buss  onset  twntts  One 

advantage  at  the  pravtoutty  described  nostrum  system  is  that  the  fuel  air  ratio  in  the  two  streams, 
bypass  and  tot*,  is  separaurtv  tennofted  This  Ms  enabled  a  mare  precise  definition  of  fuel  aw  ratio 
of  the  buss  onset  point  to  bo  merle  Tne  analysis  of  steady  stale  boss  data  bom  foM  scale  « g  and 

eng me  afterburner  testing  has  resulted  m  modal  of  buss  unset  j?tg  3d 
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Th#  characteristic  shows  that  buzz  can  ba  Induced  by  Increasing  the  fuel  air  ratio  in  either  stream 
and  that  onset  Is  Independent  of  the  conditions  In  the  other  stream.  The  tasting  also  showed  that  buzz 
onset  in  the  two  streams  was  accompanied  by  different  frequencies,  separate  acoustic  paths  belnq 
txcited.  A  buzz  characteristic  of  this  form  coupled  with  the  ability.  In  a  mix/burn  system,  to  devise 
fuelling  laws  around  the  flight  envelope  to  match  the  characteristic,  results  In  optimum  afterburner 
fuelling  at  all  flight  points.  This  ensures  that  the  maximum  afterburner  performance  Is  alwaya 
achieved. 


TRANSIENT  BUZZ 


Whan  rapid  handling  of  the  engine/afterburner  was  carried  out  the  buzz  characteristic  changed.  With  the 
afterburner  control  laws  set  to  give  fuelling  conditions  below  the  steady  state  buzz  limits,  buzz  was 
apparent  during  transients.  The  reduction  in  buzz  onset  fuel  air  ratio  was  greatest  during  an  Idle  to 
combat  Siam  acceleration  (Fig  4). 


•xar  '.nation  of  the  engine  transient  (Fig  5)  revealed  the  fallowing.  The  stability  characteristics  of 
rha  control  system  allowed  overshooting  of  reheat  fuel  flow  at  the  end  of  the  transient,  this  overshoot 
was  found  tc  vary  with  control  system.  However  when  modifications  were  Introduced  to  prevent  the 
atterburu..  fuel  overshoot  a  reduction  in  buzz  onset  fuel  air  ratio  was  still  observed.  The  transient 
a.«o  reveals  that  angina  speeds,  and  therefore  mass  flows,  are  not  stable  this  will  give  rise  to 

variations  in  lu«l  air  ratio.  Examination  of  the  main  engine  tual  flow  trace  shows  that  the 

oveifiieiii,  necessary  to  accelerate  the  angina  is  still  occurring  at  the  time  that  maximum  reheat  is 

achieved. 
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Fig  Ufa  5  Englna/Aftartoumtr  Transient 


The  effects  of  Met  vitiation  level  on  the  butt  characteristic  were  examined  on  a  full  scale 
afterburner  tig  If  was  possible  to  operate  the  ng  at  constant  entfy  conditions  w  tetms  ot  mess  flow, 
pressure  and  temperature  whilst  varying  the  level  ot  vitiation  in  the  core  stream  thus  was  achieved  by 
tetectwg  water  into  the  cote  stream  thattby  increasing  tha  preheater  fuel  How  required  to  achieve  the 
core  stream  entry  temperature  A  buzz  onset  characterising  was  generated  tor  the  rtg  operated  m  true 
way  (fig  61 
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BUZZ  ONSET  VARIABILITY 

Hiving  •itiblishtd  an  aftirbumir/control  ayttam  standard  that  gava  accaptabla  parformanca  in 
developmant  It  was  found  that  whan  tha  angina  antarad  tha  production  phasa  a  variation  in  afterburner 
full  air  ratio  at  buzz  onaat  waa  evident  Ovar  a  aampla  of  60  anginal  a  variation  In  fual  air  ratio  at 
♦9%  about  tha  main  valua  waa  found.  A  datallid  axaminatlon  of  production  angina  pass  oft  statistics 
was  carried  out. 


Initially  tha  amblant  atmospheric  conditions  at  tha  tlma  of  pass  tast  wara  examined  (Figs  7  and  8)  but 
as  can  ba  saan  prassura  and  tamparatura  lavai  bora  no  obvious  relationship  to  bu»  onaat  fual  air  ratio. 
Oatallad  gaomatrlc  maaiuramants  of  tha  attarbumar  syatams  ware  compared  but  again  no  obvious  trends 
wara  found.  Intarnal  angina  paramatars.  pressures,  tamparaturas  and  bypass  ratios  (Fig  9)  again  showad 
no  conclusive  trend.  Although  latar  investigation  revealed  an  underlying  trend  masked  by  other 
inliuences. 


AMOUNT  TtMKRATUM  -  K 

Figure  7  InJIuenco  of  Ambient  Temperature  on  Buu  Onset  Fuel  Air  Ratio 
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At  this  point  t  modal  of  th#  snglnt  and  control  systam  was  sat  up  Into  which  variations  in  kay 

paramatars  could  ba  tad.  This  was  couplad  to  a  fixed  buzz  onsat  characteristic  of  tha  form  shown  In 

fig  4.  By  systamatlcally  examining  tha  affact  variations  In  kay  paramaura  had  on  tha  afterburner  fuel 

air  ratio  at  buzz  onsat  a  picture  of  how  tha  *9%  variation  In  fuel  air  ratio  could  occur  was  built 

up  (Fig  10).  This  shows  that  soma  paramatars  have  a  strong  affect  whilst  other  kay  paramatars  have  no 
affect  on  buzz  onsat  fuel  air  ratio.  This  approach  showed  that  tha  buzz  characteristic  could  remain 
constant  yet  other  factors  could  influanca  the  onsat  tuat  air  ratio. 


REHEAT  FUEL  OVERSHOOT 

3.6% 

ENQME  TRANSENT 


_t% _  T„  ACTUATOR 


2%  CONTROL  SYSTEM  SPLIT 
_  TOLERANCE 


2.8%  ENQME  BYPASS  RATIO 
VARIATION 


«N 

*32 


NO  EFFECT 
NO  EFFECT 


Figure  10  Effect  of  Engine  and  Control  System  Parameters 
on  Buzz  Onset  Fuel  Air  Ratio 

HARDWARE  MODIFICATION 


As  part  ot  the  investigation  utto  buzz  onsat  variability  tha  ettaet  at  build  tolerances  was  examined 
No  systematic  dependence  on  any  build  detail  was  found,  the  afterburner  was  insensitive  to  build 
tolerances 


Outing  How  visualisation  associated  with  this  investigation  it  was  noted  that  Ituw  in  the  bypass  stream 

had  a  radially  oulwtud  component  as  It  passed  through  the  tlameholder  As  has  been  observed  previously 
(Ret  II  fuel  injected  tnta  such  a  stream  follows  tha  Initial  uweclion  ol  the  stream  but  in  the  cold 
bypass  so  where  vaporisation  is  low.  the  loel  does  not  Subsequently  tollow  the  air  How  This  results 

m  fuel  concentrations  which  d  »  known  can  te*d  to  prematura  burr  onset 

A  cm  model  ol  the  atterhumer  was  set  up  to  eaanune  the  tlew  in  me  bypass  stream  The  How  paths 

produced  by  the  model  show  (tig  it)  that  the  ttow  at  the  pomt  ot  ugeeten  is  angled  at  12U  to  the 
eats  Changes  were  then  made  to  the  CTO  model  to  determine  it  a  sunpt*  modiiieatton  to  the  hards. are 
could  eUmmate  the  outward  ttow  component  M  was  shown  that  a  change  to  the  ttomehoidar  protde 
(tig  12)  resulted  m  wool  how  at  tha  point  ot  fuel  injection. 


Figure  11  ttypMt  Ak  Ftowgrth  bom  CFO  Modal  wfcto  SUndwd  FtomuhoMur  Profit* 


F^ure  )2  gypzopp  FtdNtggtti  trere  CFO-  Mottul-wMii  iflggtthNf  Hinttthoktin  FraNi 
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This  flamehoidtr  profit*  was  converted  Into  anoint  hardware  and  its  buzz  onsat  characteristic  comparad 
with  tha  standard  syttam  (Pig  13).  This  damonstratts  an  improvamant  in  buzz  onsat  of  22V 
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Figure  13  Effect  of  the  Modified  Flemehoider  Profile 
on  the  Transient  Buzz  Onset  Characteristic 


SCREECH 

u  has  (heady  been  statad  that  attach  it  associated  with  acoustic  watts  w  a  plana  at  right  anglat  to 
tha  »•«  pipe  ants  H  allowed  to  continue  unchecked  n't  amplitude  can  fist  vary  rapidly  and  severs 
damage  loHows  trig  14)  fedora  it  often  associated  with  holes  appearing  in  heatthieldt  whan  tha  metal 
has  cracked  because  oi  the  cyclic  pressure  Kline  on  overheated  areas  A  typical  pressure  spectrum 
taken  during  a  screech  event  (Fig  lb)  contains  several  pressure  peaks 


Figure  U  Typical  Scratch  Oamagt 
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0  1000  2000 

FREQUENCY  HZ 

Figure  15  Typical  Screech  Frequency  Spectrum 

On«  approach  lo  limiting  tit*  problem  hat  been  to  provide  passive  damping  using  a  perforated  liner 
within  tha  |tt  pipe  Cali*  aatociatad  with  tha  hoiat  In  th»  liner  apt  aa  halmhoitt  taaonatoit  and  in 
thit  way  limit  screech  amplitudes.  Initially  tha  llnar  gapmatty  was  configured  such  that  tha  resonators 
ware  tuned  to  the  dominant  screech  frequency.  This  resulted  in  a  low  porosity  llnar  which  was  limited 
in  effectiveness  it  was  found  that  as  porosity  was  increased  the  screech  damper  became  mote  effective 
although  its  heimlroltr  frequency  was  moving  away  from  the  measured  screech  frequency 

To  explain  this  tl  is  necessary  to  aaamlne  the  damping  curves  ot  such  screech  liners  It  is  found  that 
the  low  porosity  liner  hes  a  very  narrow  peas  to  its  damping  capability,  whilst  as  the  porosity 
increases  she  damping  curve  broadens.  This  happens  to  the  exam  that  higher  degrees  ot  dampwg  can  be 
achieved  at  tha  screech  frequencies  with  a  high  porosity  liner  than  with  a  ’tuned'  liner  flue  would 
not  tie  true  of  a  liner  exactly  matched  to  a  screech  frequency  but  thit  situation  la  ditticuil  to  achieve 
m  practice 

in  eaamirung  the  factors  wtuch  govern  screech  onset  >t  was  found,  tar  a  turbotan  aftaibumer.  that  n 
was  most  dependent  an  bypass  stream  fuel  aw  ratio  end  temperature  (fig  IBI  This  suggested  that  the 
mstetuuty  was  being  initiated  in  the  bypass  stream  This  was  bother  supported  by  the  tact  that  when 
features  were  introduced  umb  the  bypass  duct  wtuch  resulted  w  varying  but  symmetrical  pressure  and 
temperature  pretties  at  afterburner  entry  a  reduction  in  the  screech  onset  boundary  was  apparent 
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DISCUSSION 


S.  Candel,  Fr 

Could  you  ploase  explain  how  the  prevapor iting  cyst®  works. 

Author's  Reply: 

The  primary  tone  is  fed  by  hot  combine  ion  products  -  the  core 
gases.  We  have  a  mixing  tube  or  vaporizer  into  which  hot  gas  is  fed 
with  the  fuel  and  in  that  way  we  get  a  relatively  pre- 
vsporited  stable  primary  tone. 

C.  M.  Coats.  UK 

What  is  the  reason  for  the  flow  separation  on  the  upstream  surface 
of  the  stabiliser  in  your  flow-field  calculation. 

Author's  Reply: 

The  flow  separation  is  caused  by  the  presence  within  the  model, 
of  a  fuel  manifold  at  this  position. 
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by 
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SUMMARY 

Many  aircraft  turblna  angina  ecabuators  exhibit  dynaalc  inaeablllttaa  at  aubtdla  and  Idle 
operating  conditions.  These  Instabilities  can  result  in  objectionable  noise  and,  In  sons 
instances,  compressor  stall  problem.  To  peralt  analytical  asseasaants  of  these,  phenomena,  an 
seroaeoustic  nodal  of  these  coabustor  Instabilities  vat  developed.  To  calibrate  and  validate 
this  nodal,  sector  rig  tests  of  the  CF6-I0A  engine  coabustor  were  conducted.  In  these  tests, 
the  frequencies  and  amplitudes  of  the  instabilities  and  the  acoustic  characteristics  of  the 
coabustor  were  measured.  Additional  taste  in  a  F101/FH0/CIK56  sector  coabustor  rig  are 
planned. 

Ttie  test  results  compare  veil  with  the  theory.  The  following  conclusions  ere  drawn  from 
the  portion  of  the  work  completed  to  date. 

1.  Audible  noise  is  a  reeonant  acoustic  wave  within  the  cavity  as  predicted  by  tint  analytical 
model, 

2,  The  acoustic  wave  responds  strongly  at  the  fuel-air  ratio  with  eke  eptiau*  tine  lag 
between  the  fuel  injector  and  the  heat  release  region,  consistent  with  the  analytical 
model. 

1.  The  analytical  model  predictions  are  in  generally  good  agreement  with  the  Ufi-ISA 

combustor  tost  data,  but  further  caper leant*  with  better  defined  end  conditions  are  being 
obtained  for  a  mere  complete  validation. 


imaeesTioii 

Audible,  dynamic  pressure  oscillations  associated  with  the  ceebustlon  process  frequently 
occur  In  turbine  engines,  particularly  development  engines,  at  vubtdle  and  near  Idle 
conditions,  these  pressure  oscillations  era  in  the  frequency  range  ni  Id  to  WW  tie.  At  tit. 
Aircraft  Engines,  they  are  called  growl  at  subidle  and  howl  near  idle, 

these  dynamic  pressure  oacillationa  can  cause  compressor  stall  margins  to  he  affected 
resulting  in  engine  stall,  They  Can  else  letuit  in  increased  start  times,  objectionable  m»l«* 
levels,  and  In  asms  eases  hardest*  fa i lute,  this  phenomena  could  became  mare  severe  for 
future  gas  turbine  combustion  systems  having  substantially  wider  eperetltut  tenges. 

the  pteblen  is  net  always  duplicated  in  stab water  swap ament  ar  sector  tests  and  this  has 
greatly  limited  enplerae.lan.  Theta  ear  illations  art  siren  first  identified  in  initial  ehglss- 
teats  which  typically  have  eniy  ana  ar  a  vary  few  dynamic  pressure  measurements,  ftobeaqron* 
testing  has  aits  had  lees  instrumantatien  than  needed  ta  verify  analytical  codeia.  The**  date 
are  mat  sufficient  to  estimate  the  coabustor  end  reflection  characteristics  and  ether  details*, 
feature#  ef  the  acoustic  made  present . 

the  effect  described  herein  involves  the  acquisition  af  this  needed  detailed  data  in 
eeetet  eaahuatar  test  tigs.  The  abjective  ef  this  often  is  to  document  tbs  character  of  the 
assume  noiaa  in  sectar  combustor  test  rigs  and  ta  ralata  those  findings  ta  am  available 
analytical  modal.  Ultimately,  tht  intent  is  to  apply  the  analytical  model  to  ngiatt  as  a 
mean*  ef  identifying  design  medificati.-r  ta  correct  instability  problems  in  emitting  engines 
and  at  avaidtng  such  problem*  in  the  design  af  eembwetee*  far  new  engines .  fa  permit  the  use 
af  the  analytical  medal  far  this  program  in  any  given  engine,  data  ee  the  aromatic  and 
reflection  chararteriatiee  at  the  legist  compressor  yg  turbine  will  .else  ha  needed. 

The  growl -haul  fhenoosna  is  believed  to  correspond  ro  a  standing  acmueti*  wave  in  the 
coabustor  and  is  infimancad  by  the  acoustic  reflection  characteristics  of  the  coagrassor 
engine  inlet  region  and  af  the  turbine,  the  wove  i«  ale*  influent  ad  by  the  cross  see  r.  tenet 
mraa  variation  in  tbs  caabuetsr,  the  ceabwatae  temperature  rise  along  the  length,  end  the 
Specific  acoustic  deivia*  mffect  ef  the  cmabwatiam  boat  (mlamam  itoali.  An  analytical  model 
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Is  xvsllsble  for  a vs lusting  thm  various  acoustic  rasonant  mod**  that  art  posalbla.  Tha 
tendency  of  tha  coabustlon  hast  ralaasa  to  drlva  ona  or  more  of  thasa  rasonancas  la  then 
explorad  by  examining  tha  phasa  rslatlonshlp  batvaen  tha  aourea  of  fual-alr  variations  at  the 
fual  Injector,  which  result  In  a  fluctuating  hast  ralaasa,  and  tha  associated  fluctuating 
pressure. 

this  Investigation  was  Initially  conducted  with  a  CFS-80A  sector  combustor,  which  vas  found 
to  have  a  howl  frequency  near  tha  frequency  encountered  in  an  angina.  It  was,  therefore, 
postulated  that  this  sector  would  be 'suitable  for  investigating  tha  phenomena.  The 
experimental  results  acqulrtd  with  this  teat  rig  are  presented  In  chit  paper. 

In  addition,  tha  VS  Navy  under  its  Aircraft  Propulsion  Exploratory  Devalopaant  Project,  is 
sponsoring  a  sore  dacailed  affort  to  investigate  dynamic  Instabilities  in  an  advanced  military 
combustion  systsn,  The  prograa  objectives  are:  (1)  Characterise  the  conbustor  ayaten 
dynamic  soroche raoscoustic  instability  phenomenon;  and,  (2)  Incorporate  the  results  into  the 
overall  conbustor  design  nethodology  utilised  for  current  and  future  systems.  Testing  under 
this  prograa  la  currantly  being  carried  out  with  a  sector  of  another  combustor,  the 
FUO/nVl/CFSSd  engine  combustor.  In  this  eass,  blockage  is  provided  at  the  combustor  exit  to 
siaulstt  ths  turbine  stator,  which  generally  operaeaa  with  choked  conditions  in  the  engine. 
Variable  inlet  lengths  are  also  provided  to  permit  fine  tuning  of  acoustic  resonances,  and  to 
permit  different  fual-alr  conditions  in  the  combustor  to  be  studied.  The  effect  of  fuel  type 
will  be  investigated.  In  addition  to  the  frequencies  excited  naturally  by  the  combustion 
process,  the  system  will  also  be  excited  by  modulating  the  fuel  flow  and  modulating  the  sir 
flow.  Tha  planned  scope  and  content  of  these  Investigations  sre  also  presented  In  this  paper . 

Tha  prior  related  work  Includes  ths  analytical  model  derived  basically  for  augsentors. 
Reference  ’ ,  and  the  further  exploration  of  that  model  together  with  experimental  aug mentor 
wof‘<.  Reference  2.  A  specif te  exploration  of  CFg-SO  combustor  noise  in  an  engine  was  provided 
in  Reference  1.  However,  none  of  the  available  references  involved  specific  Instabilities  In 
the  main  combustor  or  dotai.ed  Instrumentation  such  as  provided  in  f&fs  yep*!, 

ANALYTICAL  kwkl 

The  intent  of  these  efforts  is  te  relate  the  sector  combustor  test  results  to  an  available 
analytical  model.  This  model  was  developed  previously  at  6S  Aircraft  Engines,  but  was  never 
adequately  veil  doted  by  test  (tat*. 

The  analytical  made!  representing  the  growl-howl  phenomena  is  a  combustion  dynaete*  model 
concerned  with  the  physics  of  unsteady  combustion.  It  involves  waking  tat  testes  of  the 
unsteady  pressure  and  unsteady  velocity  fields  excited  by  an  unsteady  heat  release  rate  in  a 
ducted  environment, 

If  the  unsteady  heat  release  rats  Sq  l*»t)  U  specified  as  a  function  of  time  fti  at 
s«*e  spatial  location  fx) s  the  unsteady  pressure  field  may  he  evaluated  by  solving  the 
appreprtate  governing  equation  with  unsteady  heat  release  as  a  ojxtfce  term,  The  unsteady 
pressure  field  mutt  satisfy  not  only  the  governing  equation  but  also  boundary  sewaiit ton*  at 
the  compressor,  at  the  turbine  inlet  (waste,  and  serosa  the  flame/source  plane  where  the  heat 
release  Is  (pacified. 

feverainj-  Pauatian  -  The  analytical  model  la  based  an  a  general  equation  governing  the 
unsteady  e&sgrossibi*  pressure  fUld  smelted  by  unsteady  heat  te  lease  rate,  unsteady  mass  flue 
and  unsteady  aerodynamic  forest,  and  say  he  derived  Item  the  censemtisn  us  mass,  aenentua  ac d 
energy  aquation*. '  It  may  be  expra&sad  as  so  inhomogeneous  convex  tad  -«v*  mqua'ion  in  it  a 
few- 


VST*  >Ej 
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In  the  abcva  aquation,  tha  Xaft  atda  rapraaanta  tha  convactad  wav*  aquation  for  tba 
unataady  praaaura  fiald  P(x,,t)  and  includes  lntaraotiona  with  nonuniJorm  mean  flow  and 
nonuniform  aaan  tanpaxatuxaxlaldi .  Tha  right  alda  of  tha  above  aquation  corraaponda  to 
varlcua  poaaibla  aoureaa  of  axcltatloo.  Tha  first  auuxca  la  aiaoelatad  with  unataady  boat 
ralaaaa  rata. 

Tha  second  tan  la  aaaoelatad  with  rata  of  ehanga  of  aaaa  flux  aaaoclatad  with  vibrating 
aurfaeaa  or  rotating  bladaa  of  finita  thlcknaaa.  Tha  third  tan  la  aaaoelatad  with  unataady 
aarodynaaic  foreaa,  auch  aa  thoaa  induced  on  fan  and  eoapraaaer  bladaa  In  tha  pxaaanca  of 
unataady  flow  fialda;  It  la  ralavant  whan  aodallng  tha  dynamic!  of  eoapraaaora  or  fana.  Tha 
fourth  tars  la  aaaoelatad  with  Ughthlll'a  turbulent  noire  aourca  and  la  ralavant  in 
aatlaatlng  Jot  noiaa. 

For  a  coupled  compressor- coabuator  ayatea  with  unataady  heat  ralaaaa  and  unataady  blado 
force.  Equation  l  auat  be  aolved  with  thaaa  two  aourca  tana  apaelfiad  Independently  or 
evaluated  In  a  feedback  loop.  Depending  on  tha  nature  and  phaalng  of  auch  a  feedback  loop, 
the  coupled  ayatea  say  be  etabla  or  mutable . 

For  the  coabuator  dynamic  model,  only  tha  unataady  halt  ralaaaa  tan  la  relevant.  Tha 
coapreaaor  duct  acta  only  aa  an  acouatic  load  to  tha  combustor  in  the  ten  of  a  complex 
reflection  coefficient  at  the  inlet  diffuser  of  the  coabuator.  In  this  way.  tha  coabuator 
dynamic  analysis  may  ba  restricted  to  eho  combustion  chamber. 

Ifcstesdv  Hyat  talons  •  gators  evaluating  the  unataady  praaaura  and  velocity  fialda  from  the 
•elution  of  Equation  1  driven  only  by  the  flrat  or  the  unsteady  heat  /o  lease  tars,  soma 
cesaottts  about  tha  unataady  heat  release  tan  are  appropriate . 

The  heat  ralaaaa  rata  may  ba  estimated  from  a  quail- steady  perturbation  of  tha  t toady 
state  heat  relem  characteristic*  aa  a  function  of  fual-atr  ratio.  The  amplitude  of  unsteady 
heat  release  rate  may  then  be  related  to  we  amplitude  of  fluctuation*  of  the  fuel-alt  ratio 
and  the  slope  of  steady  atata  heat  f«U*a»  tharaetnriatlaa.  Fluctuations  In  fuel-air  ratio 
any  originate  from  any  of  the  following  pcsalviUtWa- 

1,  steady  coapreaaor  discharge  air  miming  with  time  dependent  fuel  flow. 

.  2 .  Unsteady  eaapreasor  dievharg*  elf  miming  with  steady  fuel  flaw. 

,.h  IVstaudy  miming  of  steady  alt  and  atemdy  fuel  flow  fltteiudaa  laminar  or  turbulent 
«Ul«gi . 

In  any  case ,  an  •maiaady  fuel-atr  ratio  produce*  unsteady  heat  release  rate,  which  In  tom 
pm-d-tees  an  unateedy  pressure  field  The  estimation  of  this  unsteady  ptessute  field  is 
discussed  iismt  as  a  wklti  of  Kguatlaa  1.  driven  wily  by  tha  unsteady  heat  release  rate.; 
-4du(*v»*  in  a  transient  or  a  periodic  iota,  the  unsteady  heat  release  rate  can  always  be 
reduced  t»  it*  frequency  eespeoeate,  •  • 

?»  solve  £puatie«  1,  the  souree  t«*  1*  assumed  to  he  spatially  leealtaed  at  the  Plate/ 
re|4 This  at  levs  (qoatien  t  u  te  solved  by  *  Steen  function  method  with  boundary 
reads t lew.  so  either  elde  st  the  flame'  In  addition  re  those  at  the  inlet  and  emheust  plates. 

the  slitting  equation  (1?  has  feces  eetted  in  tba  frequency  domain  for  time  hettenie 
variation  »f  the  heat  release  eats,  the  analyai*  tegolt**  specif  leatien  of  the  emlal 
iiwtWuwM  of  the  flaw  Mach  mvnfeef,  ef  the  t separate**  tnctodlog  a  teaywy store  tump  at  the 
flaw,  «f  the  ereae  sectional  »t»a  waiiatieo*.  and  of  the  tempi**  nfltttlta  e*e$$let*«$e 
'i  amplitude  and  phase |  ef  the  inlet  end  •sfeeoat  figure  1  ehewa  the  dltttibdite  weed,  tha 
unsteady  pressure  field  may  he  emgtesaed  a*  the  ante  at  nodal  aeisM  !***>. 
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o  spatial  distribution  ef  each  made 

a  »  spatial  distribution  ef  the  teleeamt  mode,  it  1*  made  op  ef  teasel 

foHtiena  end  maatUaily  integrated  ar  dtrisd  emaine  tenet  tana 

&iiw}  »  fourier  ttanatote  ef  tine  (tie  of  rbw^e  ef  the  easts e  ay  beef  cetenaa  tare 

■  *4i*-*» 

the  spatial  end  spectral  diatrlfeotlana  ef  each  eode  ate  •brained  fey  awesrteal  Integration 
ef  <s  reduced  form  ef  Equation  l.  the  computer  pragiate  far  fnatall^  thane  distributions 
•out. 

the  solution  for  the  saateedy  pteaante  field  aa  eagteasad  in  iquetioa  I  eetreapend*  to  e 
lotted  wiponti  ef  the.  n  afeeitot  fluid  eneitad  fey  the  unataady  last  telaaaa  apactrom 


Standing  Uava  Di'lwn  bv  H»it  Bclaait  .  Up  to  this  fine.  discussion  hoi  foeusad  on  th» 
corailliad  forcid  vospono*  et  tha  eoabuotor.  Tho  actual  op aetrun  of  th«  uniUrady  pressure 
field »*y  bo  ovslustsd  froo  dquotion  2  which  involves  tho  product  of  tho  uni toady  hoot  release 
spoctruo  d4(u}  and  th*  normal ixed  response  opoceru*  A  <»).  For  o  giver.  coobuotor , 

A,  (*»)  la  flood.  The  unsteady  hoot  release  opoctrua,  nbvevur,  doer,  depend  on  tho  ■inner 
by^which  tho  fuei-oir  ratio  to  changad. 

Under  seas  condition!,  ceohuatort  «d«  known  to  bo  unotoblo  end  bo»o*a  aolf-exeltad.  In 
ouch  iltUAblotio,  a  positive  feedback,  loop  to  nscetiery .  The  tuel-eir  ratio  be  cooes  nodulated 
by  either  the  unsteady  pressure  or  unsteady  velocity  produced  by  the  unoteody  hoot  release. 

Tha  oalectod.  frequency  of  Instability  l»  governed  by  a  tlao  log  Bade  up  of  dtfferont 
ccchanima ,  Including  acoustic  propagation,  fluid  eonvactivo  transport,  and  tho re* l  rate  of 
vaporisation. 

If  *  alaple  and  lossless  standing  wave  exist*  In  $.  taaxtant  are#  duet,  tha  w*v»  would  hava 
a  riiw  or  cosine  wave  ihape  parhapa  as  ohovti  In  Figure  ia.  Tha  aaplttuda  changes  fro* 
positive  to  negative  with  tl*e.  A  null  or  into  pressure  condition  eay  exist  at  one  or  uora 
paint#  .along  tho  duct.  The  phase  la  vwfutanr  fro*  one  null  to  the  naxt  If  it  exists,  and 
shanga#  by  l$a°  at  tha  null. 

At  tha  ssn*  tiao.  the  velocity  vari*',  ia  tilua traced  n  Figure  2b.  The  velocity  yayiatiou 
is  where  the  pressure  ia  nil)* .  The  velocity  variation  bee  coos  aero  where  Siw.  precture 

is  BWffcauie.  .  ■ 

l«  Hpura  2«  th»  pressure,  —iriation  versus  tin*  is  plotted.  The  fuel  flew  will  be 
affected  by  the  pressure  ot  this  standing  wav*.  Whan  the.  prtnurt  is  leweat  the  fuel  will  be 
highest.  This  will  crar.te  a  mxIbu*  fuel. air  ratio,  The  heat  release  in  the  cosfcuatten 
press**  does  net  occur  i**«diataly.  The  fuel  air  oixtur*  travel*  at  least  pare  w*y  around  the 
reciteulef  ten  tens  in  the  dove  region  of  the  cnabuatsr  befete  releasing  eh#  net  or  portion  of 
It*  heat.  See*  reaction  nay  also  :*e<;ur  downawvaa  of  the  recirculating  tone,  If  the  average 
travel  tie*  to  the  heat  release,  as  illustrated  in  figure  2*,  occurs  when  the  pressure  is  at 
aaxfxus,  then  the  heat  release  will  drive  the  standing  wave.  If  It  were,  to  eewwr  when  the 
pressure  we#  at  afnleu*  it  wcuid  soujd.assct  at  desp  tha  standing  wave.  a  tt*e  equal  tn 

that  of  @n«. half  v*,val#-tj.th  would  need  to  ex.iat  between  the  fuel  wasi*  ansi  the  beat-  roicssv 
region  ,'oc  mininas  driving,  :  .  . 

it.  should  he  anted  that  tfcle  ptar«Ne««  will  W  Affected  hy  the  eeass  eanflgasatlea  *c  the 
fuel  ayasa*.  If  the  fuel  beetle  ptwiMt  dSagcfo  eat  lecatad  St  the  tip  bus  Is  upstroq#  '« 
site  fuel  t»g*io  distributor.  then  the  speed  of  «st*t£  1*  tb#  fd»l  srtU  caps*  *  slight  ffcae* 
lag.  ttewe.ver,  ss  will  he  seen  the  fool  pmsuto  dreg  l*  a*  high  that  this  fuel  fiw 
eaduUticn  U  net  the  driving  owfeanle*  trt.fb#  ptosens  asporineuta, 

Fiju**  ?d  ii.lu*t*««a  *. ssesai  nsshanlMk  for  driving  th*  *tt*dtn*  was»;  l»  shl*  ease  tha 
dir  velocity  tn  aedn.  to  vary  at .  she  font  tmU  t*git4nn;--.I'f  *tes>  fuel  flew  is  twarly  rsnstass 
tbt's  sh'U  sir  flay  variation  wilt  mult  in  *  fuel  sit  varlastw  if  rt*  travel  twe 

for  shit  tbc!-.*lt  fstl*  wtlnsisn  is  *«fth  sh#.t  the  host  IS  ?e.i**s«d  prlwttiy  as.  the  high 
procure.,  psftlun  of  the  wars,  then  the  feast  release  will  drive  shs  standing.  ■**¥*'.  th£#  veimt 
rise  t»wld  be  threat  fourths  of  that  vAvaieesth.  Sevovsr,  if  the  pressure  «s*de  were  dswnsttvaa 
ot  notssofti  of  she  fuel  owti»  region,  then  the  tine  for  deles**  would  bo  equal  to 
tfaw  r»f;  *#r»Af*w{th  wstolength.  . 

Whils  the  shove  i*  the  swhsnls*  utiilced  is  this  paper,  .mw> .sets  set-hauls*  nbonld  be- 
sns-Msl.snsd  With*  shoiwd  boorst  edit,  tfes'Mfb  fool* air  tsgio*.  eseld  rtseh  the  burner  e*,it:-as  - 
tbs  blqb  pTss#«re  tegis*  sf  the  wave,  it  would  then  drier  the  styougi^  wsv»,  pore  eihisn"*#  ’s 
the  dyoaasis  fu*J>sl»  elsiwr*  would  tabs  place  bp  the  ails,  sad  tbit  night  *isi|dt*  tte  efteer 

In  the  «mI  ;«m*  the  stthdihg  wevs  is  set  «k  »i«pie,  :  ftew.  flaw  pjtMU>  isoperature 
jwd'iht^iMiii  «e  site  pfspeff:  Ibttt  sffsst*  nodify  tha  sgriitude  <nd 
rois^tvo  »h*sa  diswifewtisii*  along  the  duet.'':'  St  is^sr  will  thete  be' «  1*2  yhtts  shift  at  ' 

*  ssii  •  T'N*  shat*  it  veottasfiy  eheeging  with  asi.sl  diatowe  end  the  phs»«  twlstlenahtp 
brtweas  vesetity  and  w*>v»te  is  sffettea.  the  *sslp«ssi  «rtei  fee  the  standing  wave 
taituSitst  those  VadglesUie*.;'  it  tits  setawnts  far  < rots'  mtienoi  stva  wstivtiens.  it  dess 
**«■.*•  d^tdiwt.  far  the  ptestsee  of.  the  rsobnetof  liner  sd  k*  tent  sffset  an  tha 
Molding  wsts»:  iiith  <he*o  tfoodlng  rhsss*.  the  fint  lag  hatwaen  the  fwei  nestle  and  the  Wat 
toissi*  tegton  will  slw'hewa  as  eissati*  tin*  tag  s*.*e*Utad  with  tha'  phase  differenae 
bstwven  the  iv»  ieeatians.  the  average'  tine  to  ins  beat  teiasoe  tegtan  includes  »i  only  «** 
travel  tins,  bat.  else  nay  edltinol  fine  tegsltsd  to  woparit*.  sit.  and  been  this  fuel . 

Thus,  the  wajar  efface  of  fuel  typo  u  *#m<ad  i»W  aiaaoixiad  with  the  tine  to  vaparua  the 
twei.. 

l«tt  ttc 

IV.  testing  eanpU  :ad  tu  date  iwaalvwd  the  use  of  a  five. swirl  tewp  iw*l  seetar  of  a 
tfs  dO*  Mdnut.  the  tost  tig  is  ahsnn  in  Figures  1  and  d.  this  tost'  tig  foatwod  au  inlet 
ptnaa  twiM.  a  prod)  flume  soatioo.  r  ml  water  itwiti  honsUti,  mi  m  oahsnst  esatien.  the 
inlet  ptoaaai  has  sttarhod  to  a  heated  saweitlatag  ait  ruppiy.  the  ahheest  tsttion  rontaiaod  a 
nut  gasvsh  «yama  to  tool  the  rianntor  inhamt  gaans  prior  to  paeniagj  thsonih  tho 
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downstream  back  pressure  control  valve,  and  out  of  the  teat  facility  exhaust.  JP5  fuel  was 
supplied  through  a  aanifold  feeding  a  set  of  five  engine-type  fuel  nozzles.  Each  fuel  nozzle 
was  flow  calibrated  prior  to  installation  in  the  test  rig. 

The  test  rig  consisted  of  a  true  60°  sector  of  the  combustion  system  of  the  GF6 - BOA 
engine.  However,  the  combustor  inlet  and  outlet  conditions  of  the  engine  were  not 
duplicated.  Specifically:  (1)  The  prediffuser  section  inlet  provided  no  simulation  of  the 
blockage  from  the  compressor  outlet  guide  vanes;  (2)  The  exhaust  section  inlet  provided  no 
simulation  of  the  blockage  from  the  high  pressure  turbine  nozzle  diaphragm.  These  two 
features  obviously  affected  the  acoustic  reflection  characteristics  at  these  two  extremities 
of  the  test  rig.  Being  a  60°  sector  of  a  full  annular  combustor,  the  test  rig  featured 
side  walls.  As  such,  the  test  rig  did  not  afford  a  representative  simulation  of  the 
circumferential  acoustic  wave  characteristics  that  might  occur  in  a  full  annular  combustor. 

As  shown  in  Figure  5,  the  test  rig  instrumentation  included  two  Plane  3.0  total  pressure 
probes;  one  Plane  3.0  gas  stream  thermocouple;  four  combustor  dome  static  pressures  providing 
a  pair  of  measurements  of  the  combustor  dome  pressure  drop;  and  one  gas  stream  thermocouple  in 
the  exhaust  section.  This  static  instrumentation  was  used  to  establish  and  monitor  the 
combustcr  test  rig  operating  conditions.  Combustor  fuol  flows  were  set  using  a  turbine  type 
fuel  meter  calibrated  in  the  range  of  0  to  1,000  pounds  per  hour.  In  addition  to  this  static 
instrumentation,  an  array  of  dynamic  pressure  instrumentation  was  employed  to  monitor  and 
record  resonance  activity  within  the  combustor  test  rig.  Included  in  this  array  of  dynamic 
pressure  instrumentation  were  six  dynamic  air  flow  type  sehsors. 

Test  rig  static  instrumentation  was  hooked  up  to  digital  display  devices  as  well  as  a 
multichannel  Sanborn  recorder.  The  digital  displays  were  monitored  and  recorded  to  document 
the  combustor  operating  conditions  at  each  test  point.  The  Sanborn  recording  provided  a 
continuous  time  history  of  the  operating  conditions.  All  dynamic  instrumentation  included  a 
set  of  amplifiers  to  boost  sensor  output  signals.  The  amplified  signals  were  then  split  to  a 
14  channel  tape  recorder  for  postprocessing  going  to  a  spectrum  analyzer  device  with  channel 
selector  to  provide  on  line  reduction  of  signals  from  the  individual  sensors  Into  their 
frequency  spectrums.  A  hard  copy  device  was  attached  to  provide  hard  copies  of  the  spectrum 
displays.  A  photograph  of  the  dynamic  instrumentation  data  acquisition  equipment  is  shown  in 
Figure  4. 

Data  could  be  obtained  through  the  complete  range  of  fuel-air  ratios  from  lean  blowout  to 
very  high  levels  corresponding  to  engine  accelerations.  The  pressure  lavols  could  be  varied 
through  the  subidle  region  from  one  atmosphere  to  three  atmospheres  with  unvltlated  inlet  air 
up  to  300°F. 

EXPERIMENTAL  RESULTS 

The  test  results  obtained  with  the  CF6-80A  sector  combustor  showed  a  significant  amplitude 
at  one  fuel-air  ratio.  A  similar  but  slightly  different  frequency  oocurred  et  other  fuel-alt 
ratios,  but  with  much  lower  amplitude.  Figure  A  shove  these  reeults. 

While  the  approximate  frequency  near  300  Hz  exists  st  sll  fuel-air  ratios,  only  one  of 
these  fuel -ail'  ratios  resulted  in  a  high  amplitude.  The  specif in  characteristics  associated 
with  this  one  fuel-sir  ratio  were  examined  in  detail  with  the  analytical  model, 

Figure  7  shows  spectrums  from  the  dynamic  pressure  Instrumentation  along  the  axial  length 
of  the  test  rig.  These  date  show  that  a  single  sharp  discrste  frtquency,  waa  measured  at 
evory  measurement  station.  They  are  all  st  the  same  frequency,  but  et  different  amplitudes. 

Figure  B  shows  tht  aaplltuds  and  the  phase  relationship  for  these  measurements.  These 
data  were  used  for  comparison  with  tht  analytical  modal.  These  data  show  *  gradual  change  in 
phase  from  the  front  Co  th»  beck  of  the  sector.  At  shown  in  the  next  section,  this  It 
consistent  vlth  an  aooustlc  mods  standing  In  the  sector. 

A  reproducible  oeotllatlon  was  encountered  and  its  oharactarlstloa  were  documented  with 
dynamic  pressure  measurements  showing  consistent  phase  relationships  slung  the  length  and  a 
unique  fuol-air  ratio  at  which  thia  reaonant  standing  wave  in  the  lector  la  driven  to  high 
amplitudes.  This  date  base  psvalte  the  use  of  the  analytical  model  to  enelyse  the  measured 
wavee,  to  determine  the  end  reflection  charecterletlca  of  the  teat  rig  end  to  relate  the 
acoustic  driving  moohaniam  to  the  unique  phase  relationship  between  the  fuel  neat la  and  heat 
release  r«glon  et  the  driven  fuel -sir  ratio, 

COMPARISON  WITH  ANALYTICAL  MOLSL 

The  measured  results  vere  compared  with  thi  analytical  model  for  the  standing  eeouatie 
wave  in  the  teat  rig.  The  oalouletion  of  thle  atanding  aeouitie  wave,  requires  assumptions 
tor  the  enu  reflections  et  the  front  and  the  hack  of  the  test  tig, 

At  the  Inlet,  the  entrance  le  approximately  an  open  end.  The  reflection  coefficient, 
however,  nteda  correction  factor*  to  account  for  the  exact  snap#  of  tha  opening,  the  flew 
effects,  and  any  affects  of  tha  inlet  ple<  us.  estimation  of  tho  reflection  coefficient  at  tha 
sxlt  end  la  mote  complicated.  In  the  pas:v>i  around  tha  combustor,  the  passage  ends  at  an 
acoustically  hard  and.  However,  in  the  hot  gaa  path  of  tho  combustor,  tha  pat sags  ends  t«  an 


4-fi 


approximately  open  end,  6  inches  downstream  of  the  inner  and  outer  passage  end.  Thus,  some 
combination  of  these  two  different  ends  must  be  used  in  the  model.  In  addition,  the  open  end, 
corrections  are  needed  for  the  exit  shape,  through  flow  effects,  and  exit  plenum  effects. 
Also,  corrections  for  the  temperature  differences  between  the  burner  and  the  quenched  plenum 

arc  needed. 

Calculated  reflection  coefficients  using  shape  and  through-flow  corrections  were 
estimated,  References  4  and  5.  However,  the  actual  reflection  coefficients  finally  adopted 
were  determined  by  comparing  theoretical  calculations  to  the  measurements .  Figure  9  shows  the 
results  of  these  calculations.  The  best  match  with  the  data,  particularly  the  frequency  data, 
was  selected  for  making  further  data* theory  comparisons.  The  final  reflection  coefficients 
used  were  0.5  exp(200°)  for  the  inlet  end  1.33  exp(l65  )  for  the  exhaust.  These 
coefficient  values  include  a  real  part,  which  is  the  first  constant  and  represents  the 
traction  of  energy  reflected,  and  an  imaginary  part  as  a  power  of  t.he  natural  logarithm  base, 
which  represents  the  phase  of  the  reflected  wave. 

With  these  reflection  coefficients,  the  model  predictions  compare  with  the  data  as  shown 
in  Figure  10.  The  amplitudes  and  phase  relationships  are  In  reasonable  agreement.  Figure  7 
shows  c  low  amplitude  near  the  dilution  holes  and  a  high  amplitude  near  the  locally  closed  ait 
end,  measurement  Station  7.  The  region  through  the  combustor  liner  Is  more  complicated  and  is 
beyond  the  scope  of  the  present  analytical  capabilities.  Amplitude  data  are  compared, 
therefore,  only  in  the  earlier  portion  of  the  test  rig,  measurement  Stations  1-3. 

An  explanation  in  terras  of  rhe  acoustic  wave  present  for  the  high  amplitude  case  shown 
previously  in  Figure  6  ie  as  follows.  For  the  frequency  of  285  Hz,  the  associated  time 
period  for  one  wavelength  Is  3.6  msecs.  The  time  lag  between  the  fuel*alr  variation  at  the 
fuel  Injector  and  the  heat  release  at  the  flamefront,  may  be  one-half  wavelength  or  1.8  msecs 
or  perhaps  even  one*quarter  wavelength,  as  indicated  in  Figure  1.  This  1.8  msec  is  on  the 
order  of  the  time  for  fuel  to  travel  around  the  recirculation  zone  to  reach  the  burning 
region.  For  flow  Mach  number  of  0.2  and  convection  Mach  number  of  0.5  of  the  free  stream,  a 
time  lag  of  1.8  msec  Is  calculated  if  the  flame  region  is  2.6  inches  downstream  of  the  fuel 
nozzle . 

Now  if  the  time  lag  is  optimum  at  a  fuel-sir  ratio  of  0.020  then  at  other  lower  amplitude 
fuel-air  ratios,  it  must  not  be  optimum.  As  the  fuel-air  ratio  becomes  richer,  more  oxygen  Is 
consumed  and  the  average  distance  to  the  heat  release  region  must  Increase  to  finally  reach 
the  additional  oxygen.  This  will  Increase  the  time  lag.  Also  as  the  burning  temperature  goes 
up  because  of  increased  fuel-air  ratio,  the  frequency  of  the  standing  wave  resonant  in  the 
test  rig  will  Increase  and  hence,  the  optimum  time  lag  will  In  fact  decrease  as  indicated  in 
Figure  11.  Thus,  the  time  to  reach  the  flamefront  does  not  drive  in  phase  with  the  standing 
wave  at  fuel-air  ratios  either  above  or  below  the  strong  resonance  condition  of  the  heat 
release.  Accordingly,  the  optimum  fuel-air  ratio  can  be  attributed  to  the  time  lag  of  the 
heat  release. 

FUTURE  WORK 

The  next  effort  will  be  conducted  with  the  F110/F101/CFM56  sector  combustor.  The  test  rig 
exit  will  have  the  turbine  stator  blockage  simulated.  Thus,  at  sufficiently  high  fuel-air 
ratios  the  exit  will  be  choked  corresponding  to  a  close  acoustic  end.  With  both  the  combustor 
and  the  inner  and  outer  passages  ending  closed  the  downstream  end  reflection  will  be  much 
better  defined. 

The  inlet  end  will  be  variable  permitting  the  optimum  fuel-air  ratio  to  be  varied  due  to 
the  frequency  change.  This  will  provide  some  quantification  of  the  time  lag  The  end 
reflection  will  also  be  better  determined  in  the  constant  area  Inlet  region.  At  some 
condition  this  reflection  will  simulate  the  reflection  from  the  engine  compressor. 

The  F110/F101/CFM56  sector  combustor  test  rig  configuration  is  shown  In  Figure  12.  The 
Internal  portion  of  the  adjustable  length  inlet  soctlon  is  housed  entirely  within  the  plenum 
chamber  section.  Threaded  rods,  driven  from  outside  the  plenum  section,  are  used  to  move  the 
male  portion  of  the  inlet  section  Into  or  out  of  the  external  portion.  Inlet  length 
adjustments  up  to  15  inches  can  be  obtained. 

A  total  of  13  dynamic  pressure  transducers  are  available  to  monitor  and  record  the  dynamic 
response  characterise ics  of  the  combustor.  Three  of  these  transducers  are  incorporated  into  a 
probe  to  be  installed  inside  the  male  portion  of  the  adjustable  length  Inlet  section.  Nine 
additional  transducers  are  located  along  the  test  rig  cold  flowpath,  A  single  specialized 
transducer  (No.  6  Indicated  in  Figure  12),  is  Immersed  flush  with  the  inside  surface  of  the 
combustor  outer  cooling  liner.  Access  for  this  probe  Is  obtained  by  using  one  of  two  spark 
Igniter  ports  featured  on  the  teat  rig.  The  purpose  of  this  probe  la  to  monitor  and  record 
the  dynamic  response  activity  within  the  hot  flowpath  of  the  coa&ustor  and  later  correlate 
with  measurements  made  in  the  cold  flowpath.  This  specialized  probe  has  been  used  for  similar 
purposes  on  full  engine  testa,  and  will  be  available  for  use  in  this  testing  gffort.  In 
general,  all  transducers  are  circumferentially  centrally  located  along  the  90  (five  cup) 
sector  combustor  teat  rig.  Transducers  No.  8a  and  No.  8c  (refer  to  Figure  12)  will  be  located 
near  the  side  wall  of  the  sector  to  monitor  transverse  mode  activity. 
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As  a  part  of  tha  planned  testing,  the  effects  of  fuel  type  will  be  determined.  Also,  the 

effect  of  driving  the  acoustic  wave  by  fuel  modulation  and  air  modulation  will  be  documented. 

CONCLUSIONS 

1.  Audible  noise  ia  a  resonant  acoustic  wave  within  the  cavity  consistent  with  the  analytical 
model . 

2.  The  acoustic  wave  responds  strongly  at  the  fuel-air  ratio  with  the  optimum  time  lag 
between  the  fuel  injector  and  the  heat  roleaae  region,  consistent  with  the  analytical 
model . 

3.  The  analytical  model  seems  to  be  well  verified  by  the  CF6-80A  combustor  test  data,  but 
further  data  with  better  defined  end  conditions  are  needed  for  a  more  complete  validation. 

5.  Further  experiments,  which  will  be  even  more  definitive,  are  in  progress. 
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Tempefotur*  Mach  Number  Area 


Figure  1.  Inputs  to  Governing  IqustUa, 
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DISCUSSION 


S.  Caadel,  Fr 

The  data  presented  in  your  paper  essentially  describes  the  influence 
of  the  fuel-air  ratio.  Experiments  performed  at  our  laboratory  on 
a  small  scale  combustor  indicate  that  the  mass  flow  rate  also 
determines  which  instabilities  become  dominant  in  the  low  frequency 
range.  Did  you  also  vary  the  mass  flow  rate  and  could  you  describe 
its  influence? 

Author's  Reply: 

Yes,  uc  have  done  experiment  with  the  muss  flow  rate  changed.  The 
mass  fiow  change  does  cause  the  resonant  frequency  to  change  a  bit 
and  you  will  see  that  result  in  the  data.  I  did  not  show  that  data 
here. 


RECHERCHE  EXP  EKI  MEN  TALI  SUE  LA  STABILITE  EES  PETITS  HOTEURS  FUSEES 
A  ERSOLS  STOCKABLES 


Pit  Robert  roUCAUB,  Renaud  LECOURT 


Office  National  d' Etudes  et  de  Recherehes  AArospatiales 
29,  Avenue  de  la  Division  Declare 
92320  CHATILLON  (FRANCE) 


Risuai 


Un  sontege  *  it*  dAvtloppA  A  1'ONERA  pour  quantifier  la  stability  du 
fonctionnesent  d'un  petit  aoteur  fusts  A  ergols  stockables  et  ddterainer  la 
sensibilitd  de  l'injection  aux  phdnoadnts  acoustiques.  La  sdthode  utilisde 
consists  A  dAstabiliser  pAriodiquesent  un  petit  propulaeur  autour  de  son 
premier  aode  longitudinal,  par  use  aodulation  ieteraittente  du  col  de  la 
tuyAre,  et  A  aesurer  l'aaortisseient  des  oscillations  ainsi  dAclenobAes.  Les 
diaensions  du  aoteur  soat  cboisies  pour  qua  la  frAqueuce  excitAe  soit  trAs 
voisint  de  cells  susceptible  d'apparaitre  naturelleaent,  en  aode  tangential, 
sur  ie  aoteur  rAel  AtudiA  en  parallAle, 

Deux  types  d'injeetauri  ont  At A  essayAs  i  le  preaier  correspond  A  une 
injection  axiale  au  fond  avant  de  la  ebaabre,  od  le  pbAnoaAne  acoustique 
prApondArant  eat  une  oscillation  de  preeaioa  )  le  second  est  caractAriaA  par 
une  injection  radiale  effeetuAe  A  ai-chaabre  atin  qua  les  oscillations  acous¬ 
tiques  portent  de  (agon  prAf Arentielle  sur  la  Vitesse,  tine  Atude  paraaAtrique  a 
AtA  aenAe  en  ebangeant  succesaivesent  t  la  pression  aoyenne  de  fonctionnesent. 
lea  caraetAristiques  dt  l'injecteur.  lea  ergols,  la  longueur  de  ebaabre  et 
I'aaplituda  initials  des  oscilletioas. 

Les  rAsultats  obtenus  constituent  une  base  prAciae  pour  valider  les 
codes  de  calcul,  et  ils  aettent  en  Avidsnee  l'iaportance  relative  des  oscil¬ 
lations  de  pressioe  et  de  Vitesse  sur  l'injection.  En  outre,  les  tendances 
eoregistrdes  se  coaparent  asses  favorableeent  aux  observations  feites  sur  le 
aoteur  rdel.  Le  aoatage  ais  au  point  s'avdre  done  un  outil  potential  prdcieux 
pour  l'alde  au  dAveloppeaeat  dee  propulseurs  biliquides. 


nxmvum  on  itaiility  or  shall  storable  liquid 

FROFELLAKT  I DC EXT  MOTORS 


UHttSt 

An  axperiaeatal  device  vaa  developed  at  ON  ERA  in  order  to  quantity 
the  stability  of  a  storable  liquid  propellants  rocket  actor  and  to  stature  the 
sensitivity  of  tie  injection  ions  to  an  acoustic  disturbance.  Tbs  aatkod 
consists  in  a  periodic  destsbilisition  of  a  taull  rocket  near  its  first  longi¬ 
tudinal  acoustic  node  by  neats  at  an  iaternittsat  Modulation  of  tbs  treat.  The 
esasivity  of  tbs  injection  sons  is  quantified  by  tbs  neaeurenent  of  tbs  deeping 
of  tbs  pressure  oscillations.  Tbs  length  of  the  snail  rocket  sotor  it  chooses 
so  that  its  firta  longitudinal  node  has  tbs  sans  frequency  than  tbs  expected 
instable  node,  generally  tangential,  la  the  large  tcele  ester. 

Tvo  types  of  injectors  Hr#  tested  :  axial  eats  at  the  aft  tad  of  tbs 
chaaber,  ubnrn  tha  neouatic  disturbance  it  ssialy  a  prssturs  oacillatiea,  and 
radial  ones  at  sld-ltngtb  of  tbs  chaabtr,  share  tbs  acoustic  diaturbeaee  is 
ssialy  a  velocity  oscillation.  Tbs  studied  psrsnstsrs  vara  tht  esss  cbtabsr 
pressure,  teo  desists  of  injectors,  tbs  fuels,  tbs  lsagtb  of  tbs  chaaber  and 
tbs  triggsrlsg  amplitude  of  oscillations. 

All  tbs  date  obtained  constitute  aa  accurate  basic  seen  to  test  tbo 
validity  of  tbs  nuasrictl  ends Is.  Moreover,  s  goad  sgranat  ‘  cat  be  established 
bateaus  tbs  snail  seals  data  and  the  oast  obtained  en  stability  ef  the  large 
seals  sotor.  The  dovict  can  bn  a  profitable  tool  for  tbs  deveiepaeat  of  liquid 
propellant  r octet  aotor. 
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Moaenclature 
a  celerity  du  ton 

At  admittance  da  tuylre  (adisensionnelle) 

L  Longueur  da  la  parti*  cylindrique  da  la  chaabra  da  coabustion 
H  Hoabre  da  Kach  A  l'entrle  da  la  tuylre 

Re  Partie  rdella 

at  aaortiasaaant 

aaortissaaaat  du  A  la  couch*  limit*  acoustiqu* 

intarvalle  dc  confianc*  A  95  %. 


aaasasiiQM 

L'apparition  d'inatabilitAe  da  coabustion  A  hauta  frequence  pendant  le  fonctionnenent  d'un  aotaur 
futla  A  ergola  liquid**  conatitue  uo  risque  aajeur  pour  la  vie  da  ca  aotaur  at  de  1'angin  qu*il  propulse, 
car  alia  antraina  gdnAralamant  laur  destruction.  Be  noebraux  travaux  axpdrisantaux  at  thtoriques  ont  At* 
conduits,  (1],  pour  sa  prAsunir  contra  l'apparition  d’instabilitAs  da  combustion.  l>as  rAtArancas  [2]  at 
(31  rAsuaeat  las  ettorta  accoaplia  rAcaaaaat  A  1  'OttUA  dans  ca  doaaina,  dan*  la  cadre  du  prograaae 
Viking. 


Par  analogi*  avae  das  travaux  rAalisAs  A  roMIM  sur  la*  propulaeurs  A  propargol  solid*.  (41  at 
[5],  una  dimarch*  axpAriaantal*  a  AtA  propoaA*  A  la  BRIT,  dam  la  cadra  du  dAvaloppaaant  d'un  aotaur  A 
injection  "unlike*,  atin  da  taster  da  quantifier  globalaaant  la  rAponaa  da  la  son*  procb*  da  rinjecteur 
A  una  excitation  acouatiqua.  Bans  ca  but,  1*011  IRA  a  dAvaleppA  at  nia  au  point  un  aontaga,  tig.  1.  dAcrit 
an  dAtail  dans  las  rAtArancas  tt]  at  (11.  Avae  c*  aontaga  on  ainula  un  mode  acouatiqua  qualcooqua  d'un 
propulsaur  par  la  prasiar  mod*  longitudinal  d‘un  patit  propulsaur. 

La  plupart  da*  aotaur*  A  ergola  liquids*  rAalisAs  posaAdant  un*  injection  au  tend  avant.  Bins  cos 
aotaur*.  las  inatabilitAa  da  combustion  A  hauta  trAquanc*.  lorsqu'alla*  appiraissant .  s'organitant 
principalaaant  sous  tors*  do  sodas  acouatiqua*  tangent itla.  Bant  catt*  eontiguration.  injactaur  au  tend 
avant-aodt  tangential,  cheque  injactaur  AlAaantaira  aat  souais  A  da*  oacillation*  da  la  praaston  statiqu* 
at  da  la  vitasaa  tangential!*. 

Pour  catt*  raison,  daux  configuration!  da  propulsaur*  ant  AtA  AtudiAaa.  L‘un*  coaporta  un 
injactaur  axial  placA  au  fond  avant  atin  da  seuaattre  principalaaant  la  ion*  d'injaction  au  vantr*  da 
pratsion  acouatiqua  du  praaiar  aod*  longitudinal,  1‘autr*  coaporta  un  injactaur  radial  A  dittArenta* 
aheisaas  da  la  longueur  da  1*  chaabra  dt  coabuation  atin  da  souaattr*  la  ion*  d’injaction  au  vantr*  de 
aitaaaa  acouatiqua  du  aAa*  aod*  ou  *  una  coabinaiaon  dt  cat  daux  grandeurs.  AprAa  un*  aoditicatian  du 
propulsaur,  l'Atuda  paraaAtriqu*  du  aontaga  A  injactioa  axial*  ttppa  d'lnjactaur.  nature  du  ecahuiiible. 
pratsion  aoyaane  da  tonctionaaaaatl  a  aoatrA  qu'il  Atait  potaibla  A’obtanir  Aat  aaauraa  prAeisee  da 
1' aaortiasaaant  du  praaiar  aod*  longitudinal.  Da  plus,  laa  configuration*  AtudiAaa  aat  pu  Atra  claaaAea 
aa  function  da  raaortiaiamant.  done  da  laur  atabilltA  at  ca  ctaaiaaaat  a'aat.  Aina  l'anatabla,  rAvAli 
eohArant  avae  las  rAaultat*  A*  atabilltA  obtanua  A'aprA*  laa  titais  rAalisAt  aur  la  aotaur  A  Aehalla  1. 
(A).  La  aAaa  bonification  n'»  paa  AtA  attactuA*.  juaqu'A  prAsant.  aur  1*  propulaaur  A  injection  radiate 
an  raison  dt  aa  coaplexitA  dans  ca  cu,  L'Atuda  paraaAtriqua  da  catta  coatiguratlea  a  done  AtA  rAalitAa 
aur  la  propulaaur  original  ea  qui  a'a  pa*  doanA  Aa  rAaultat*  trA*  aatiattiaaata  (1).  bout  avoaa  done 
choiai,  d'un*  part  de  poerauivrt  l'Atuda  paraaAtriqua  avae  la  tael  propulaaur  A  iajactioa  aaiala.  d'autre 
part  da  aattra  an  oeuvre  da*  aAthoda*  d'laalyt*  da*  aeiurta  plus  tppruioadita  atia  da  pouaair  traupoaar 
plus  sdranont  laa  iadicationi  da  atabilltA  foutaiai  par  la  petit  propulaaur  au  aotaur  A  Aehalla  1.  Cat 
article  prAaaata  date  la*  travaux  aetuallaaant  rdalitdt  dan*  eta  daux  voles. 

naceauax  axatataruTii. 

Au  coura  du  ddvaloppaaant  du  ptopulttur  rdal,  ctlui-ei  a'aat  rdvdld  iaptable  aur  ton  praaiar  aide 
taagaatial  daaa  certain!*  coatlgurationa  da  toaetioaatadst .  9t  plea  I'adjoaetioa  dt  cavitAs  acouatiqua* 
pour  auppriaar  et  aod*.  •  fait  apparatus  tax  aodai  taagaatiala  aapdriauta,  U  ait  dose  apparu  uli- 
raataat  da  eoopldtar  l'dtuda  pafuAtriqu*  da  la  rAponaa  da*  iajactaura  par  la  aatura  das  aaortisaaaaat* 
a*  toactioa  da  la  trdquaaca  d*  i'vxel title*  acouatiqua.  Most  Avon*  choiai  uaa  plage  da  trdquaac*  allaat 
da  V  A  11  kit  qui  taglob*  laa  irAquaacti  daa  daux  praaiar*  soda*  taagaatiala  du  propulsaur  A  ArktUa  1, 
Catta  Atude  «  AtA  rAtlisda  avae  la  petit  propulaaur  A  iajactioa  aaiala  qui  pcAaeateit  (tul  uaa  been* 
garaatia  da  qualitd  daa  wtuita.  La  patit  prapuliaur  aat  auai  da  chaabra*  da  coabut tioa  da  leaguauri 
dittdraatea  da  fagot  A  ebtaair  u*  praaiar  aod*  loagitudishl  da  trdquaac*  appropriA*.  I 'object  it  principal 
4a  cette  caapaqat  d'essai  Ataat  d*  ddtataiaar  revolution  da  la  ripoait  A' iajactaura  aa  toactioa  da  la 
trdquaaca,  I'Avenuil  da*  paramAtria  a  At*  rdduit  par  rapport  tux  daux  Atuda*  prAcAdtatat,  (tj  at  (1). 
Aiui  il  a'a  Atd  rataau  qu'ua  iajactaur  pur  daux  at  ua  ceabuitibi*  sur  daux.  Par  coatee  let  attuttp  tone 
toujour*  at  t actuate  pour  daux  valour*  A*  pr«*siom  eo»**a*  data  la  chaabra  da  combustion.  Le  tableau  1 
rAcapitult  lei  ptrnaAttet  AtuAiAs. 

Sur  buit  eoatiguratioaa  sour  a'avoo*  taatA  juaqu'A  ptAiaet  qua  lee  quatre  chaabra*  At  coabuatioa 
la*  plus  leagues.  Bee  AitticultAs  reacoetrAta  tree  la  syatAe*  A*  eedulotien  pour  l*s  bautu*  trAqueaca* 
a'oat  pae  encera  AtA  rAaoluai  at  cetardtat  done  l'axtcution  daa  wants  tntro  I  et  U  Mr.  La*  maiars*  da 
(eAquAhce  et  i'UMtiniwit  global  etteetuAea  avae  ca*  configuration*  da  propeleeete  seat  prdteetdat 
daas  la  tableau  tj.  Oe  rappollt  qu'aa  cost*  d*  chaqua  wii,  at  done  pour  cboquo  eontiguration,  on 
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rdalise  antra  quaranta  »t  cinquante  aeiuras  du  coupls  frdquanea-aaortiaiaaant.  Lai  ealaurs  indiqudaa  d*n« 
la  tableau  II  lost  done  daa  ealturs  noyannas  pour  chaqut  nontaga.  On  coaatata  qua  It*  trdquaneaa  obtanuas 
tout  prochas  da  eallai  qui  dtaiant  villas.  Conn*  pour  tout  lea  aiaaia  prdcddanti,  lai  (rdquancaa  proprai 
du  mod*  tout  un  pau  plus  diaries  1  haute  prassion  qu'l  bassa  pretiion.  Da  adna  las  snort  iiaananta  sent 
p lus  faiblas  i  haute  prassion  qu‘1  bassa  prassion.  In  fonetion  da  la  Irdquaaea.  l'aaortissaaant  augaeate. 
On  terra  plus  loin  qua  catta  drolution  ast  dua  4  l'acoustiqua  das  ebanbras  da  eoabustlon.  rutin  on  notara 
qua  las  assures  da  trdquance  coaaa  cellti  d'aaortissaaant  soot  da  boons  qualitd  aiosi  qua  1 ‘attestant  las 
faiblas  talaurs  das  interralles  da  confiance. 


VJ  JfrW.Wfry  UJ  £jjj_*uA f  J.wi  i'J a*) ■  <  hi 


L'objactif  original  da  l'dtuda  dtait  da  quantifier  la  sansibilitd  da  l'injactioo  d’argols  liquidas 
4  un  cbaap  aeoustiqua.  Cala  detait  paraattra,  d'un  point  da  tut  toodaaental,  d'aadliorar  noa  coonais- 
sancas  sur  la  rone  d' inject ion  at,  d'un  point  da  tua  appliqud,  da  aattra  au  point  un  outll  da  ddvalop- 
peaent  das  propulsaurs  4  argols  liquidas  4  patita  detail*  at  done  boo  aarebd.  La  prdcisioo  insuffisanta 
das  aaauraa  affaetudaa  atac  las  propulsaurs  4  injection  radial*  n'a  pas  parais  da  coaparar  las  eouplags- 
prassion  at  eouplaga-eitassa  at  done  da  prograssar  sur  la  praaiar  point.  Far  contra,  las  rdsultats 
obtanus  atac  las  propulsaurs  4  injection  aaiala  pautant  ttra  confronts*  au  coaportaaant  du  propultaur 
rdal  tis-4-tis  das  instabilitds  da  eoabustlon.  Catta  confrontation  ddnontrara  ou  iniiraara  la  aaliditd  da 
la  conception  du  aoatage  aapdriaantal  an  ca  qui  coacarna  la  dauaidaa  point. 

4PPLIC4TI0»  DM  wtsifflti  .PIMiaHMBflBff  MBBB 

U  praaidra  (aeon  siapla  d’appliquar  las  rdsultats  obtanus  4  raids  du  aontaga  4  petit*  detail*  au 
propulsaur  rdal  ast  da  coaparar  las  indications  dc  stabilitd  dooadaa  par  la*  natural  d'aaortissaaant  atac 
1*  coaportaaant  stable  ou  instabl*  du  propulsaur  rdal.  Us  trataua  ddcrits  an  [(]  oat  parais,  pour  un* 
trdquanct  donnda  da  *500  la,  frdquane*  du  praaiar  aod*  tangential  du  aotaur  rdal.  da  classar  las  diffd- 
rtntas  configuration*  poasibla*  da  fonetionaaaant  da  <*  propulsaur  an  fonetion  da  l'aaortissaaant  du 
praaiar  aod*  longitudinal  du  potit  propulsaur.  Catta  classification  ast  rappalda  dans  1*  tableau  III. 
til*  indiqu*  qua  las  configuration*  atac  1‘iajaetaur  4  doublets,  atac  la  ml  coaaa  coabustibl*  at  4  bassa 
prassion  soat  plus  stables  qua  las  configurations  atac  1‘iajactaur  4  quintuplets,  atac  l'UDil  at  4  haute 
prassion.  Or  1*  propulsaur  rdal  s'ast  rdtdld  stable  avae  la  MM  coaaa  coabustibl*.  at  instabl*  atac 
l'UDm.  qutl  qua  so it  1*  type  d’iajactcur.  Da  plus  1‘augaaatation  das  risque*  d'instabilitis  atac 
l'dldtation  da  la  praaiioa  aoyanaa  da  ebasbra  eat  tutsi  un  pbdnoada*  bits  conau  da*  aotoristaa.  ta  c*  qui 
coacarna  1*  type  d'injactaur,  1*  aasbra  trep  rdduit  d'asiaia  da  atabilitd  du  propulsaur  rdal  atac 
l'iajactaur  4  doublets  as  ptrstt  pu  da  ceaaaitrt  l'influaac*  da  c*  parasdtr*  4  dcbalt*  1. 

La  propultaur  rdal  a  4t4  ausai  instabl*  eur  to*  aacond.  toir*  ion  troisdn*  soda  tangential.  Caa 
taita  out  netted  la  Miura,  aur  la  patit  propultaur.  da  I'dtolution  da  l'aaortissaaant  an  foactio*  da  1* 
frdquane*. 

Kais  catta  feit  ci  us*  coatreatatioa  direct*  dea  aaauraa  d'aaortiaaasaat  obltauta  sur  la  patit 
propulsaur  atac  1*  eoepartsnaat  (tibia  ou  instable  du  notaur  rdal  a'ast  pas  potaiblt,  ta  attat  la 
soditicitios  da  la  longueur  da  cktsbr*  das  propulrturi  at  la  ckaagtoaat  da  la  frdquane*  daa  oacillatioas 
font  qua  la*  patit*  propulsaurs  **  aoat  plus  dquitaltata  du  point  d*  »ue  acoustiqu*  com*  data  1*  cat 
prdcddaat.  U  transposition  ds*  nasuras  d'aaortistaoant  su  caa  du  propulsaur  rdal  adcasatt*  alors  da 
a'aftraaebir  do  catta  ditfdraac*  acouatiquo. 

mmrm  »  vumnwm  tuku'mmim 

Four  dtaluar  corractawnt  catta  rdposaa,  ll  faut  poueoir  astioar  cortactaoant  1*  part  dut  4 
I'acouatiqua  da  1*  ckaabr*  da  coabuatio*  da*  patit*  prepulsdur*  dsas  1*  naaur*  global*  d*  raaottif- 
aanant.  catta  part  ast  priscipatMMt  eoaatitud*  par  Wi  parte*  acouatiquaa  ds  Uydr*  qui  paueaat  ttt* 
calcuUdi  atac  ue*  bona*  pcdcistoa  its*  la  eas  ds*  tods*  aeoustiqua*  laapitudisaua.  C'sat  d'aiiiaura  i‘ua 
das  aaaatapss  du  uostag*. 

Data  udtbodat  ant  dtd  utiliadss  peer  aatiaar  i*  pan  d 'u'ottl ta**** t  daa  eacniatisaa  dut  4 
1‘aenoitiqu*  ds  1*  ebasbra  ds  cosbustioa.  U  pmidrs  odthod*  eat  cello  du  bilta  acoustiqu*,  dtosieppd* 
par  Called  (11.  U  ascoad*  sat  call*  da  ia  siaulatio*  auodriqus  dir*ctu  daa  pkdasadata  acouatiquas  daa* 
w  propulsaur .  Four  i*  adtkad*  du  biiaa  acoustiqu*,  1st  sdoiiUacas  ds  tuydroa  sat  dtd  etUoldto  4  r*U» 
d'un  ptsqfMM  oattMt  m  otutr*  Is  tMoris  ds  Ctscco  st  iiriqatoo  HI.  U  praqrasos  da  stsuiatio* 
toodtiqua,  ddsslagpd  pour  uas  applicatia*  aur  prapuisaur*  4  piipiiqal  salt**,  tdaood  la*  dquatisas 
d' lulet  data  urn  daaeriptis*  bldiaaaaieaaalla  utayodtrtqu*  at  asaspditiqus  ds  t'dcoutanaat  das*  daa 
prapulaaura  eoaplata.  iprdt  uaa  dtaluattaa  pouaads  ds*  patforoaaca*  taatatlootditoa  da  t a  paogtt— «  ds 
cat cut,  du  fait  qua  isa  pbdaoadaai  acoua'iqusa  psur  Isa  oadsa  laaqitudiOaus  seat  (artaosat  nsasdtsta- 
aioaasla  at  psur  rdduirs  its  teas*  ds  ealcul,  1st  ditldraotaa  aiouiatiaao  da*  pallia  prapalsaota  sat  dtd 
sftsctudsr  suss  uas  dsasriptisa  uaaadiaanalaaasilt  ds  1'dcouisosat.  Cfcaqus  alautatla*  a  dtd  rdaiiads  ds 
la  law  auieaata,  par  ttalaqis  sate  la  odtksda  utiiitds  aur  is  mala**  sapdriosatal  t  ealcul  ds  1‘ittt 
atatisaasits  ds  1'dcsulsssat  data  la  paaputssur.  oaeitatico  du  prsoisr  osda  Isagitudiul  par  ua*  sad* 
latioa  aiauaaidalt  du  ddbit  au  fasd  aeast  aur  ttoia  pdrtadaa,  ealcul  da  1‘dsslutioo  ds  1‘drouiaoaat 
psodaat  is  rstsur  4  I'dtat  atatisaaairs.  U  tiqurs  1  rsprdaoatt  1‘dsoluttsa  ds  ia  cental  .ate  lutatina- 
atira  da  la  prattisn  4  i'satida  du  csastttMi  paid  tat  is*  daui  dataidrsa  ndaasa  ds  ia  attsituat.  cans 
ttgura  oat  4  ca*p*m  aur  saraqiatraoaata  saptrioaataus  prdaanida  to  (d)  oi  (I).  Foot  loo  dtua  oitksdas, 
I'aoortUaooMi  du  alt  couchs  lioits  a  dtd  attiod  d  t'aido  daa  idtuUatt  d*  ft«**  at  iaqud  (id),  ta 
rdsuod,  am  U  odiksds  du  fciUa,  I'aoottlanoool  aesuatigud  as  prtaants  ssua  ia  toioa  d'uoo  aaooo  ds 
trots  teems  t 
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s.  m  aaortiaaaaant  dO  d  la  coaatctioa  da*  oad a*.  £  n«  c  ***  caortiiiaaunt  ii  k  la  radiation  da* 
aada*  par  la  convergent  da  la  tujdra,  Mtu  aaortiaiaaaat  dft  k  la  coueha  llaita.  liac  1*  aiaulatioo 
nuadriqut  qui  donna  globtlaaaot  1‘aaortiaaaaaat  dO  k  la  coaetstloa  at  k  la  radiation  da*  aada*.  l’aaor- 
tisaaaaat  acoustiqua  **  rdduit  k  la  aoaaa  da  data  tana*  : 

^  iirni^ i  *  . . .  ^  L 


Ca*  daux  adthoda*  oat  ilk  utiliadax  da  (aqoa  k  la  (oia  coapldaantaira  at  coaeurraata.  to  atfat,  an 
charchaat  *  ratrouvar  la*  frdqutac**  aaaurda*  axpdriaaatalaaant ,  la  aiaulatioo  auadriqua  a  parai*  us* 
evaluation  eorract*  da  la  aalaur  da  la  edldritd  du  *oa  adcaasaira  pour  la  adthoda  du  hilaa  acou*tiqua.  tt 
la  eoaparaitoa  da*  rdaultat*  da*  daux  adthoda*  a  dooad  la  poMihilitd  da  }uq*r  da  laur  validitd.  saehaot 
qua  la*  calcul*  d'adaittaaea*  da  tupdra  oat  ddjd  dtd  coafirad*  *ur  la  plan  axpdriaaatal  [11]. 

Ca*  calcul*  oat  doac  dtd  affactud*  pour  la*  patits  propulaaur*  k  induction  axiala.  La*  *iaulatioa* 
suadriquaa  oat  d'abord  parai*  d'attiaar  la  edldritd  noyuan*  du  *oa  daa*  la*  propulsaur*.  da  l'ordra  da 
1070  a/a  pour  la*  eoofiguratioo*  me  1 ‘ in jactaur  k  doublet*  at  1100  a/*  avae  1'iojactaur  i  quiotuplata. 
U  tableau  IV  rdcapitul*  la*  rdaultat*  pour  la*  propclaeur*  utilitd*  daa*  la  praaidra  dtuda.  [().  Oo 
constat*  qua  la*  aalaur*  d'aaortisaaaast  acoustiqua  toot  trd*  prockat  pour  la*  daux  coatigurationa  da 
propulsaur  aaac  l'iojactaur  d  douhlata  ou  4  quistuplat*.  Cala  ratldt*  la  fait  qua.  bias  qua  la*  chaabra* 
da  coabustioa  aiaat  da*  gdoadtrias  differentia  pour  dtr*  adaptdaa  aux  iajactaura,  alia*  oat  dtd  coaqu** 
da  taqoa  d  dtr*  acouatiquaaaat  dquivalaetas.  Intin.  la*  daux  adthoda*.  bilan  aesuetiqu*  at  aiaulatioo 
nuadrique.  doaaant  das  rdaultat*  concordant*  d  qualquat  pour-cant  prda.  Daa*  c*  ca*  cala  donna  un 
avantag*  certain  d  la  adthoda  du  bilan  acoustiqua,  baaucoup  plus  rapid*  at  aoin*  coutaus*  qua  let 
siaulatioa*  auadriqua*. 

I*  tableau  V  rdcapitul*  laa  ad eat  calcul*  attactuds  pour  la*  propulaaur*  aunt  da  1‘injactaur  d 
quintuplet*  aai*  avac  daa  chaabra*  da  coabustioa  da  loaguaur*  diftdraata*.  Ca*  chaabra*.  bias  air.  ne 
aoot  pa*  acouatiquaaaat  dquiralaataa  d’oU  1'iatdrdt  d'attiaar  aaac  prdcitio*  l'aaortiaaaaaat  d'origina 
acoustiqua.  Celt*  toia-ci  Us  daux  adthoda*.  bilaa  acoustiqua  at  aiaulatioo  auadriqua.  doanaat  da* 
rdaultat*  qui  divert**!  ua  pau  notaaaaet  pour  Its  loaguaur*  da  chaabra*  laa  plus  axtrdsea.  Da*  aiau- 
latioaa  hidiaaaaioanalUa  attactudaa  pour  daa  chaahraa  da  loaguaur*  12  at  IP  a*  saablant  iadiquer  qua  1* 
calcul  aoaodiaaaaioaaal  aoua-aatia*  1'aaortiaaaaast  par  rapport  au  calcul  bidiMntienaal.  In  ca  qui 
concern*  U  chaabra  da  12  aa.  la  aiaulatio*  hidiaaaaioaaall*  doaaa  ua  aaortissaaaat  intaiaddiaira  antra 
la  rdaultat  du  calcul  aoaodiaaaaioaaal  at  du  bilaa  acoustiqua.  Daa*  U  ca*  prdaaat.  alia  da  bias 
axpleitar  la*  atsura*  txpdriaaatnla*  obtaautt  tur  la*  patitt  propulaauia.  il  laablt  judiciaux  da  prendre 
pour  raaortiaaeaeat  acoustiqua  la  aoytaae  daa  valaura  doaadaa  par  la*  daux  adtbadu*.  Dan*  un  ca* 
gdadral,  l'attitudu  d  tuivr*  ddpaad  da  la  pedeiaioa  dlairda.  In  ration  du  coUt  das  aiaulatioaa  bidtaeu- 
aioaaalla*.  la  adtdad*  du  bilaa  acoustiqua  tat  d ' treat Uatt  quanta. 

nuduruw.M  u  jbmmi,  m.u  to«  e.'.iiMtet)Qp,  pieman  di>  nomiit*  d  icvci*  i 

Ea  ca  qui  coacera*  in  propel*****  rdaliada  pout  aiaular  la  praoter  aoda  tangaaUel.  d  (W  in.  du 
prepulatur  rdal.  !«  cleat  rent  daa  dtiidraataa  coatifuraumt  an  foaetio*  da  ruaettuaaoaat  global, 
tableau  II.  ou  a*  toaetio*  da  1*  rlpotsa  da  1*  ion  d'iajactioa.  tablaau  VI,  m  ebanga  pa*  paiaque  ee* 
propuliaurs  aoat  aeseanqeenet  atabiablau.  d  It  laetura  du  tablaau  VI.  o*  coaatata  qua  1‘aaaaahla  da* 
pbdnoodaa*  d'lajeetie*  at  da  eeabuttio*  aat  ue  ettat  aaorttaaaur  data  )a  cia  da*  quatre  praaidraa 
eoatiguiatieua  ear  laur  eoatribatis*  d  1  ‘aacmntaaat  global  aai  ndgativa.  Par  eoatre,  am  uoa  s*u*u= 
button  positive.  Ua  oat  ua  aifat  aapUcataur  daa*  la  «a*  daa  mil  inauguration  auwwtea.  U  dertiir# 
coatiguratie*  191291  *‘»*t  ravdlda  aaturallataat  iaatalla  aut  aoa  p ran tut  aoda  taageetiel. 

b  te  gui  w*t««  lax  pat  it  a  prupelatna  da  loaguaur*  dilf ♦««*«#»  at  pm  lea  exuaia  rdaliada  4 
ea  jour  aa  cantata  coast  prdcddanaat  qua  laa  pbdoowau*  d'iaiactio*  at  da  «s*n*ns*  «*t  at*  aetip* 
plot  dvatabilisatfiee  d  IP  ataoupWr**  qu*t  IP  atoaagbgaet.  tablaau  VII.  Pur  ttalt#  *1  fe# 
rugate*  t'daoluUon  «e  fagettaa  da  la  leogueur  da  ebaabta.  da**  i*  la  trdguaoca,  11  anil*  qua  cult* 
aeltoa  tun  cunataata. 

«i  eatta  taadnta  h  twilit*  pear  laa  liHiwrti  In  pt*a  diavdn.  da  H  i  it  l»i,  aeetan  it 
plot  qua  on  petit*  praguiMura  «*  seat  terete*  aataiallaoaat  mtablau  ill  il  H  ill,  wit  pMtiii 
•iggldiar  qua  i*  ftp****  4*a  pbdnodoa*  d'lalaetie*  et  da  ceabeatte*  eat  cuautaai*  daa*  *#  ite*  Urg* 
damn  de  It  agnate,  tan  *w  Inara  taopa  rtfitibui  tm  seat  eegpaUiie*  area  f*  trdgaenu  d*  nde 
eeeuatiqu*.  tana  ce  cat  et  d*  pout  da  vua  de  la  atibiUii.  U  eerait  pin  lattle  i'npilltabt  daa 
aedifteauee*  gduadtriguea  da*  aeteura.  da  cuoravoit  da*  Men*  derive*  am  laa  *****  iijMtMt* 
dldoaatdtraa  *>  •*  pt <#*>•**«  d*)t  dtveiugpe  et  da  prdvutt  la  tttbiiue  daa  peepe'seet*  pen  lag  #ed« 
Kwilipt  d'ordta  teptriew .  t*  nytaa*.  pan  la*  «attt*  egnii  taaliad*.  raewmgeenm  di  wt 
pMiWUii  d'ibjectiw  ai  d*  cuMtw  oat  prom  d*  d  pugg  un  pceturea  da  tbaada*  de  IP  at*.  W  de 
*»  S"  pun  SP  at*. 

It  la*  itiliitiNi  da  U  tint*  de  1*  uw  i‘lt)ittiH  ateaaug  pen  la  ptaotar  nod*  iniitriui 
dee  'petit*  prugoiaeura  peuauat  Hr*  dppliqoHg  au*  *****  itniwtw*  da  proptlnn  Idol,  du  pout  de  vn 
de  la  atabiUt*  m  pen  tairu  w*  Mtaanilitm  aeivaute*  i 

-  praoidtugeui,  it  eat  piltitlli  de  tbitii  I'ltjuttw  1  Wliu.  d'uuiuw  ie  coMbnitile  mi  et  de 
faire  tenttuunr  la  w««  I  it*w  preuaiut, 

•*  dausidoaoeut,  |g  cuutributiau  dea  pWueMues  d'ta)ertt«*  eeeate  «w«lui«  twltw  belt  1*  lidpett*.  il 
*«lu».  dbua  ie  eu  ttvlii  ttpjwiwt  i  qatnapiett,  cuaduatibi*  *M1  de  dldwitwwi  la  tiaibe  de 
euaMktiou  de  lace*  *  ruudie  *uiui  **u  *>*rtiaan»et  atwiutw  pen  U*  eedeg  ttanauegee. 


COSCtUSIOS 
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La  lODtijt,  (Merit  an  rdfdranc*  [6],  a  permit  it  Maurer  1 'amort issvstnt  du  pramiar  mode  longitu¬ 
dinal  d*un  petit  propulitur  dana  diffdranta*  configuration!,  dprds  Avoir  aoustrait  4  ces  atauraa  la 
contribution  dua  4  l'acouatiqua  daa  chambras  da  combuation  utiliida*.  la  rdpenaa  global*  da  ).«:  zona 
d’injaetion  a  pu  dtra  ddtarmind*  pour  catta  azeitation  longitudinal*.  Can  rdaultata  tout  actuallasant 
gualitativaaant  cohdrantm  avac  1*  comportcmant  itabl*  ou  iutabl*  du  propulaaur  rdal.  Pour  la*  appliquer 
da  *  aeon  quantitative  4  c*  propulaaur,  il  aat  ndcataair*  da  rdtoudrt  d'abord  pluaiaur*  probldaaa.  Tout 
d'abord.  pour  un  nod*  tranavara*.  l'inatabilit*  da  coabuatioa  pant  dtra  conaiddrd*  comma  la  compoaition 
da  dau*  couplagta,  praaaion  at  vita***  acouatiqua,  avac  la  ton*  d' injection.  Or  il  n’a  dtd  obtanu  da 
donndaa  axpdriaantalaa  amploi tables  qu'avac  lea  propulaaur*  concarnda  principalanant  par  1*  couplag* 
praaaion.  D*  plus,  nda*  diapoaant  da  dommits  pour  1*  couplag*  vita***,  la  idtbod*  da  la  transposition  da 
caa  donndaa  da  couplag*  au  cas  d'un  node  transvara*  d‘un  propulaaur  4  dckmllt  1  rest*  4  ddtarninar.  folio 
1‘approcb*  azpdriaantal*  rdaliad*  avac  1*  montage  0*141  aat  lindair*  at  il  laut  a’intarrogav  aur  son 
domain*  da  vmliditd  via-4-vi*  da  pbdnoadnaa  rapidaaent  non  lindair**  4  dcball*  1. 

D'un  point  da  vua  iondaatatml.  las  travaua  aapdriaantau*  continuareat  pat  la  reprise  daa  aasaia 
avac  las  injactaurs  radiauz  main  awe  das  ebaabras  da  combustion  miaum  adaptdas  du  point  da  vu*  da 
facoustiqu*.  Cas  aasaia  auront  done  pour  but  da  ddtarainar  l'axiatanc*  ou  non  d'un  ctfat  da  couplag* 
vitaaso  at  dans  1 'atfirnativ*  da  la  Maurer,  tnauita,  il  aat  anviaagd  d'otilisar  la  programme  da  calcul 
da  14  rdfdrcnca  [)}.  d'un*  part  dans  1*  cas  da*  petit*  propulsatu*  atin  d'aadliorar  la  coaprdbansioo  das 
pbdnoadnes  qui  s‘y  ddroulant  pendant  laur  {onctionnamant  instationnair*.  d'autre  part,  au  cas  du 
propulaaur  rdal  pour  dtudiar  un*  ndtbod*  da  transposition  daa  Maura*  obtanu**  4  dcball*  rdduita  4  1‘aide 
d'un  mod*  acouatiqua  longitudinal,  tafia,  la  confrontation  antra  las  Maura*  d'amortisaamant  aur  1* 
aootag*  o*Ub  at  las  aiaulatioua  auadriquas  paraattra  da  conatruir*  at  da  validar  das  aoddlisations 
inatatioanaira*  da  1*  vaporisation  at  da  la  combustion  daa*  Its  propulaaur*  biliquid**. 

D'un  point  da  vu*  industrial,  an  raiaon  da  la  cobdranca  dat  natural  d'aaortiataaant  obtanuas  aur 
pat  its  propulaaur*  nvac  la  comportaaant  in*t*tionn*ir«  4  daballa  1.  la  montage  tar*  utiliad  pour  efiuc- 
tuar  un  tri  d'injactaur*  to  foactioo  da  laur  sanaibilitd  acouatiqua. 


t4i|i*icaa 


tit  DiT,  ttlt.'l  at  FJ.  tUtH*.  liquid  prapvllast  r  octal  combust  too  instability. 

*414  *pm»«  umi 

U)  8,  UWtbt  at  C.  IT  WITT,  U*  aoy«M  mdcaammica*  4  1‘dtuda  tomdmmaataU  daa  immtuhiUtd*  da 
coabualian  4‘ua  motaur  biltquid*. 
teu  batfOMUtic*.  vol.  10.  *•  IS  UMJl.  p  Hl-tn. 

HI  t.  I4MI4UM.  8.  UWttt  at  f,  PIT.  *  naptriMiita  aadal  lor  cumbuatteo  lUtiliiy  studies  mpptiod 
to  ttw  4m***  Tibia*  #*»t**> 

4144  *  mb  4*r****r*  peiaac**  Maatitt.  8N  >044).  IMS, 

Ul  P.  KOtntMM  at  4,  iATUMUT.  Sdut*i**H@n  aapdrimantal*  U  la  tdpu** *  d‘u*  pto#ai*al  aatids  *»* 
mm  Him  am*  da  pauttM  i>  uuta  fttetuaac#. 

U  lacSttcfc*  Idraapaumla  a*  1.  10*4*1.  Praaek  amd  UtUu  UtHtw, 

tbi  P,  aotUtf?  at  P.  Htaraua*.  Pisa  tutmtmg  **4  admit* mac*  *ow«ma*  >  am  Mpatimamtai  cut* at* ton. . 
J**taal  ad  Pt««aUi»«  and  Pamar,  aal.  8,  a*  *. 

It)  4.  UtOOdT.  *.  toxut  at  P.  taUTlttM.  tv*4d  vnpdtiaaauiv  «*  la  latulbilit*  tout Um  <d*l«j«e* 
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Fig.  1  -  $ck*»i  cte  fonctionnenent  du  nontage 
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ABSTRACT 

The  article  presents  an  Investigation  of  combustion  instability  phenomena  inside  a  rocket  combustion  chamber  fed  by 
liquid  or  gaseous  propellants. 

The  Interpretation  relies,  among  others,  on  the  combustion  time  lag  theory  and  the  use  of  linear  transfer  functions  for  the 
different  elements  building  the  closed  loop  transfer  function  of  the  system. 


1.  INTRODUCTION 

Rocket  chamber  fed  by  gaseous  or/and  liquid  propellant  types  are  normally  designed  to  exhibit  a  stable  operational 
working  mode,  as  well  during  transition  (start,  shutdown)  as  at  main  stage.  However,  under  some  circumstances,  organ¬ 
ized  pressure  oscillations,  at  low  respectively  high  frequency,  appear  Inside  the  combustion  chamber  with  undesirable 
consequences  and  side  effects  which  may  result,  in  the  burn-out  or  mechanical  damage  of  the  hardware  under  test. 
Therefore,  It  Is  essential  to  understand  the  causes  of  those  phenomena  in  order  to  provide  against  them  and  dispose  of  a 
sufficient  operational  margin  with  respect  to  the  Instability  domain. 

This  paper  presents  an  Investigation  of  the  above  mentioned  phenomena  using,  among  others,  the  combustion  time  lag 
theory  as  an  analysing  tool,  After  giving  some  comments  related  to  the  forms,  observation  and  effects  of  combustion 
Instability,  It  summarizes  the  theoretical  background  necessary  to  the  understanding  of  the  described  phenomena.  Subse¬ 
quently.  the  LF-respectively  HF-behavlour  of  an  oxygen-hydrogen  combustor  is  analysed,  finally  some  remarks  about  the 
measures  to  be  taken  in  order  of  preventing  Instability  oscillations  are  made. 


2.  FORMS,  OBSERVATION  AND  EFFECTS  OF  COMBUSTION  INSTABILITY 

•  Inside  a  rocket  combustion  chamber  In  the  transient  chases  or  In  steady  state  at  main  stage,  the  pressure  at  a  given 
point  of  the  chamber  Is  always  the  sum  between  a  mean  value  and  a  fluctuation,  the  mean  pressure  being  approximately 
uniform  throughout  the  chamber: 

Pc(M)-FStj  +  @,(x.t)  ID 

where  x  »  p,  6,  z  are  the  cylindrical  coordinates. 

•  The  fluctuation  Is  generally  random  and  displays  an  almost  “continuous-  power  density  spectrum  dAixlrW^  V.S.  the 
frequency.  The  level  ot  fluctuation  1$  usually  defined  by  means  of  the  fluctuation  rate: 

NSr  » 

•  Under  specific  conditions,  the  peculations  cease  to  be  random  and  take  an  organized  character,  l.e.  the  power  density 
spectrum  displays  large  discrete  lines  of  a  definite  breadth  (a  definite  energy  Is  contained  under  the  excited  mode)  and  the 
value  of  the  fluctuation  rate,  for  the  same  combustor,  Increases  (for  two  different  combustors  however,  It  cannot  be 
excluded  that  the  fluctuation  rate  of  the  one  combustor  under  random  oscillation  mods  Is  not  larger  than  the  fluctuation  rate 
of  the  other  combustor  under  organized  oectfation  mode,  i.e.  combustion  roughness  does  not  automatically  mean  com- 
bustion  instability). 
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•  There  principally  are  two  cases  of  organized  oscillations,  which  can  pratically  be  encountered,  namely  the  low  fre¬ 
quency  case  (LF)  and  the  high  frequency  case  (HF).  Intermediate  frequencies  (IF)  are  mentioned  In  the  literature  (Ref.  2) 
but  have  only  rarely  been  observed. 

•  In  the  LF-case,  the  frequencies  observed  lie  in  a  range  up  to  a  few  hundred  Hertz.  This  means  the  wavelength  of  the 
oscillation  is  generally  large  compared  to  the  geometrical  size  (length,  radius)  of  the  chamber.  Consequently,  the  fluctu¬ 
ation  will  sensibly  be  the  same  throughout  the  chamber/I.e.  not  position  related:  p0(t)/. 

•  In  the  HF-case,  on  the  other  hand,  the  frequencies  observed  usually  closely  match  the  acoustic  modes  of  the  chamber 
(common  range:  2-20  KHz),  which  include  purely  transversal/tangential  (standing,  spinning),  radial/and  longitudinal 
modes,  as  well  as  their  different  combinations  (tangential :  radial,  tangential :  longitudinal,  etc. . . .),  the  transversal  ones, 
particularly  the  1st  and  2nd  tangentlals  being  generally  more  crucial  than  the  other  modes  (the  longitudinal  modes  are 
normally  well  damped  by  the  convergent  part  of  the  nozzle).  In  the  HF-case,  the  wavelength  of  the  oscillation  Is  no  more 
large  compared  to  the  geometrical  size  of  the  chamber  and  the  pressure  fluctuation  will  be  position  dependent:  pc  (x,  t). 

•  LF-osclllatlon  phenomena  can  usually  adequately  be  observed  by  means  of  the  pressure  pick-ups  foreseen  for  the 
measurement  of  the  mean  combustion  pressure,  provided  the  corresponding  signals  are  FM-recorded  or  the  sampling  rate 
is  high  enough. 

•  For  the  HF-case,  on  the  other  hand,  the  correct  observation  of  the  pressure  fluctuation  (mode  shape)  requires  the 
availability  of  flush-  or  nearly  flush-mounted  pressure  transducers,  which,  because  of  the  chamber  cooling  channels, 
cannot  always  be  Installed  on  the  hardware  under  Investigation  (exception:  uncooled  chamber  or  better  water-cooled 
chamber  enabling  the  adjunction  of  a  so-called  Instrumentation  ring  between  body  of  the  watercooted  chamber  and 
injector  plate). 

An  alternative  consists  In  using  acceleration  pick-ups  adequately  mounted  on  the  injector  head  or  possibly  on  the  chamber 
body  itself.  Since  the  expected  frequencies  are  high,  the  acceleration  levels  will  be  Important  (order  of  magnitude  of  the 
instantaneous  acceleration  signals:  without  organized  HF-osclllation  around  100  g;  under  the  presence  of  HF  Instability 
around  1QOO  g).  The  accelerometers  will  generally  permit  to  recognize  the  main  excited  mode(s)  by  means  of  the  mea¬ 
sured  frequencies.  An  accelerometer  signal  will  however  be  ‘'polluted''  by  oscillations  which  are  proper  to  the  structure  of 
the  chamber  and  of  the  Injector  themselves  and  the  higher  the  frequency,  the  more  difficult  it  will  be  to  separate  what 
belongs  to  the  combustion  and  what  stems  from  the  structure  alone. 

•  Since  during  the  HF-osdllatlon  phenomenon  the  burnt  gases  are  swept  to  and  fro  around  the  droplets,  the  mixing  rate 
of  the  propellants  will  be  modified  and  the  efficiency  of  combustion  affected. 

If  the  combustion  efficiency  Is  relatively  low  (storable  propellants),  the  HF-osclilatlons  will  exhibit  a  tendency  to  Increase  it. 
If,  on  the  other  hand,  the  combustion  efficiency  Is  very  high  (cryogenio  propellants),  HF-osdiiations  will  occasion  a  sensible 
degradation  (decrease  of  PJi| ). 

Through  the  destruction  of  the  boundary  layer  along  the  chamber  wall  and  the  abscence  of  a  well  positioned  burnlront, 
which  enables  the  flame  to  leap  to  the  Injector  plate,  the  heat  transfer  to  the  structure  will  significantly  be  increased  with  the 
risk  of  an  Immediate  bum-out  of  the  chamber  and/or  Injector.  (This  last  possibility  Is  specially  critical  for  atorable  propel¬ 
lants.  less  severe,  however,  for  cryogenic  propellants),  Moreover,  mechanical  resonance  phenomena  can  be  Induced, 
which  can  lead  to  the  rupture  of  parts  either  on  the  chamber  itself  or  Its  Interface  environment,  Including  the  facility.  This 
last  remark  Is  also  true  for  LF-oaciitations. 


3.  THEORETICAL  BACKGROUND 

•  Combustion  time  lag 

An  element  of  propellent  Injected  Into  the  combustion  chamber  only  bums  after  a  certain  amount  of  time,  referred  to  as  the 
total  time  lag.  has  elapsed.  During  this  amount  of  time,  the  element  of  propellant  undergoes  several  tranaformationa,  which 
typically  are  the  following:  propellant  Injection,  atomization,  heating,  vaporization,  mixing,  chemical  reaction.  Each  of  thoaa 
transformations  can  schematically  ba  repreaantad  by  an  Individual  ttma  lag  and  In  a  aimpktted  mannar,  tha  total  tima  lag 
can  ba  contamplated  as  fating  tha  sum  of  thoaa  Individual  time  lags: 


Tf  V+Ta+Th  +  Tv  +  Th+t,  (3) 


T  ha  Injection  time  lag  tj  accounts  tor  tha  dalay  tlapaed  bstween  the  instant  tha  propellant  leaves  tha  Injector  pitta  and  tht 
moment  ft  is  UaneJormed  Into  liquid  sheets  (liquid  jet  break-up  time).  Tha  a&nization  time  lag  ta  is  the  time  rwcetaary  tor  a 
liquid  sheet  to  break-up  Mo  droplets  (ipray  formation), 

Generally,  Injection  tima  lag  and  atomization  dm#  lag  are  Insensitive  to  fha  surrounding  prooast  condklont  (praaaura).  On 
the  other  hand,  the  hasting  and  vaporizing  phenomena  art  tewkive  to  tha  process  environment 
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tf  wo  consider  an  element  of  propellant  being  presently  vaporized  under  fixed  environmental  conditions  (i.e.  vaporized 
flowrate  In  steady  state)  and  that  we  suddenly  (i.e.  with  a  step  variation)  modify  those  conditions,  the  time  required  by  the 
vaporized  flowrate  to  reach  the  new  steady  state  value  can  be  interpreted  as  the  sum  of  the  heating  and  vaporization  time 
lags. 


The  time  lag  occasioned  by  the  chemical  reaction  is  usually  negligible  compared  to  the  other  time  tags.  The  vapor  mixing, 
which  is  controlled  by  turbulent  processes,  Is  also  normally  small  compared  to  the  vaporization  time  lag.  Thus  following 
Crocco  (Ref.  1),  we  can  split  the  total  time  lag  Into  two  parts,  one  insensitive  and  the  other  one  sensitive  to  the  environ¬ 
mental  process  conditions: 


+Tb 

(4) 

X|  =  Tj  +  TA 

(4-1) 

t6  =  th  +  tv  +  tm  +  tr  1 
**  Th  +  TV  / 

(4-2) 

T|  is  the  Insensitive  time  lag,  tb  (where  the  index  b  stands  for  “burning'*)  is  the  sensitive  or  “burning*  time  lag  (Ref.  6).  In 
this  sense,  t,  can  be  Interpreted  as  the  “pre-burning"  time  lag. 

If  gaseous  propellants  are  injected  into  the  combustion  chamber,  the  expression  for  the  total  time  lag  reduces  to: 


TT=Tj  +  tH  +  Tlg;  +  TR 


(S) 


due  to  the  absence  of  atomization  and  vaporization  phenomena. 

In  case  of  an  impinging  injector  type,  Tj  can,  according  to  J.  Fang  (Ref.  6),  be  Interpreted  as  the  so-called  unlike  impinge¬ 
ment  time  lag,  which  is  generally  larger  than  the  remaining  time  lags  and  consequently  controls  the  gaseous  propellant 
combustion  instability. 

In  case  of  a  coaxial  Injector  type,  our  opinion  is  that  Tj  Is  negligible,  so  that  the  sum  nf  the  remaining  heating  and  mixing 
time  lags  In  this  case  controls  the  instability  process  (see  paragraph  4). 


•  Mass  conservation 

An  element  ol  propellant  which  burns  botween  the  instant  t  and  the  instant  t  +  dt  has  been  introduced  into  the  chamber, 
according  to  what  has  been  said  about  the  to*al  time  lag.  between  t  -  tT  and  (t  +  dt)  -  (r,  +  d  tT).  i.e  during  the  interval 
dt-dtT, 


This  enables  to  write  (Crocco  Ref.  1 .  Reardon  Ref.  2)  the  relationship  between  burning  and  injection  ,-atos  as: 

tVl)«#an«.(l-tT)d(t-Ti)  (6) 

Taking  the  Instantaneous  rate  rh  as  the  sum  between  a  mean  value  A  and  a  perturbation  m.  supposed  small  with  respect 
to  the  mean  value,  yields,  by  neglecting  the  second  order  terms: 

(7) 

(where:  m  =  rf^5,ify 

or  by  replacing  dt^dt  by  Ute  equivalent  quantity  dr^dt  and  writing  l-t,  instead  ot  t  «  t,  (which  only  introduces  higher 
order  terms): 

flUt)«tM<-T»)  =  3i%  W 


Relationship  (9)  can  be  adapt*)  lo  the  case  o»  •  biptopetianl  (fuel  F,  osydator  0)  chamber  (Fang  Ret,  6)  such  as: 

i\(t)dt  -  T»,)d(l>T»,)  *  ih#(t  -  tn)d(t  -  t«)  (9) 

or  after  replacement  by  equivalent  quantities  and  introduction  of  the  mien  mixture  ratio  and  mean  flowrate 

¥  -  ■**•*«•*=*  -  rf,  *  -  r h  * 

Equations  (9)  awl(tO)repreaart  the  beiic  tetetiomhipaof  the  eombuation  time  lag  theory- 


00) 
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The  above  expression  can  be  related  to  the  corresponding  pressure  perturbation  In  the  chamber,  'ising  Crocco's  relation¬ 
ship  (Ret.  1): 


Where  n  is  the  so-called  pressure  interaction  Index.  This  approximately  yields  (considering  only  the  transversal  modes): 


*b(0  =  iHo(t  -  V)  +  r»v  (t  -  Tft)  +  jfj  ik 


L_ „  Mir, ,  i  Ml -M<- 

+  1  n°  S  r  +  inF  PI 


Where  two  interaction  Indices  r\,  and  rv  have  been  introduced. 


•  Linear  analysis 

The  combustion  Instability  phenomenon  can  be  Investigated  by  means  ol  a  linear  analysis.  According  to  this  technique, 
any  dependent  variable  Is  represented,  as  tacitly  supposed  above,  by  the  sum  ot  a  mean  value  and  a  small  perturbation.  In 
order  to  obtain  damped  or  growing  oscillations,  the  time  dependence  ot  the  perturbation  has  to  be  exponential: 

u(t)  =  0  +  0(0  (13*1) 

0(0“  o‘exp<st)  (13-2) 

Where  s  -  A  + 1«  is  the  complex  frequency. 

Applying  this  technique  to  equation  (12)  one  obtains: 

®  ~  ^  IW  wp('T<‘,,) + IS*  + •  •  • 

•  •• •  * Km  -jp  {fff  n,  |1  -  «<P(-T*s))  +  ^  n,  [1  -  exp(-THa))J  (14*1) 

or  by  Introdudng  the  chamber  end  injection  admittance 

Y«(»)  *  -AiJYJa) #*p(-T»tS)  +  Y#(t)exp(-T«a))  + .. . 

<,  and  A|U  are  ampfchcafcon  coefficients  which  depend  on  the  nm-mode  considered  and  on  the  injection  distribution 
deneity  function  u  (p.  8)  (Rel.  2.  Ret,  3)  or  ftp)  (Rel.  4).  The  introduction  ol  those  coefficients  ie  made  necessary  when  the 
•pusdUg  ot  the  burning  droplets  within  a  chamber  croea -section  is  taken  mu  account  (Equations  (10)  and  (12)  are 
primarily  valid  el  a  given  point  a  (p,  0.  t)  only). 

Hwe,  as  sknpklcatoi,  drop  the  dSotoncoi  between  luel  and  oeidtear.  euyueMon  (14*2)  reduces  U: 

Y»(SJ*  -ALY^s)s*p(-t,s)  *  Ai»^n(1  -axp(^)  (140) 

Which  can  be  teshuMsd  u 

A&,  •  nil  “  anp(-tW)  *  V* 


(14*4) 
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corresponding  to  the  transition  condition  of  the  following  equivalent  control  loops: 


•  Z,(s):  chamber  impedance 

•  Y|(s):  Injection  admittance 

•  Q(s):  intrinsic  comb,  gain 
G(a) » f  (n,  b,  lo.  U(r,e)] 

•  A'nm  (p(r,e)]  ampiif.  coeff.  Onjection) 

•  rT:  total  time  lag  (mean  val.) 

•  tb: ,, sensitive"  time  lag  (mean  val.) 

•  m'(s):  flowrate  perturbation  (complex 
value) 

•  p'(s):  pressure  perturbation  (complex 
value) 


Fig.  1  LF  &  HF-atabillty  control  loops 


•  Transition  to  Instability  for  G,(s).Gj(s)  =  - 1 


•  Stability  task 


-  reduce  Zo(s)  [i.e.  Increase  Yc(s)] 

-  reduce  G(s) 

-  reduce  Yi(s) 

-  detune  Gi(s)  from  Zc(s) 


In  those  loops,  G(s)  =  Aj^  ■  n ...  Is  the  combustion  gam  and  Z,.(s)  =  1/Yc(s)  Is  the  impedance  of  the  chamber. 

Improving  the  stability  conditions  implies: 

-  Minimization  of  the  chamber  impedance  (I.e.  increase  of  the  corresponding  admittance). 

-  Minimization  of  the  Injection  admittance  Y,(s). 

(For  Y(s) « 0,  the  loop  reduces  to  Crocco's  Intrinsic  case  (Ref.  1.  Ref.  2)).  On  the  other  hand,  lor 
1  +  Aj^Z^s)  •  Y,(s)  >  exp  {-  T7s)  «  0.  the  chamber  pressure  is  Instable,  Independently  of  the  value  taken  by  the  burning 
transfer  function  G(s)  11  -  exp(~  Ybs)j  rfi/P^,  where  G(s)tfi/P,  can  be  Interpreted  as  the  burning  admittance.  Y,(s)  *  0  signi¬ 
fies  a  degradation  of  the  intrinsic  stability  conditions. 

-  Minimization  of  the  combustion  gain  (the  higher  A!U ■  n ....  the  easier  Instability  will  take  placo). 

-  Detuning  combustion  and  chamber  impedance  through  the  shifting  of  the  sensitive  time  lag  with  respect  to 
TJ2  (t„„  *  \n,„  being  the  chamber  acoustic  frequency  of  the  corresponding  nm-mode)  or  vice  versa,  in  order  no  reson¬ 
ance  phenomenon  between  combustion  process  and  combustion  chamber  can  occur. 


•  Combustion  gain 

The  spray  produced  by  an  Injector  Is  generally  not  homogeneous  and  a  certain  stratification  of  the  mixture  ratio  exists  in 
the  vapour  surrounding  the  droplets.  If  a  transverse  acoustic  Held  Is  superposed  onto  the  spray,  the  vapor  will  oscillate  with 
i aspect  lo  the  droplets  causing  mixture  ratio  oscillations  around  each  droplet  and  accordingly  affecting  the  burning  rate, 
the  oscillation  of  which  can  be  expressed  by  means  ol  a  radial  respectively  a  tangential  velocity  Index  I,  and  l,  (Ref.  2). 
When  the  Injection  density  distribution  function  p  (p.  0)  is  taken  into  account,  additional  amplification  coefficients  l&n  and 
GSm,  similar  to  Km  are  Introduced  (Ref.  3),  so  that  for  the  transition  case  (A  *>  0.  with  s = A + lo)  the  combustion  gain  can 
be  expressed  by; 


&(*"'« +  eL*«)]  05-1) 

According  to  Ref .  3,  A*  and  are  real  numbers  and  CjU  *  (C*  - 1  CU»  is  complex  (C*  «  o),  This  yields: 

Q(I«|»o{[aS«+  .  j»]  *  £  [«. .  J  +  (GUi '  y }  (16-2) 

The  pressure  Interaction  index  n  and  the  velocity  indices  t,  and  t*  are  generally  unknown. 

tt  is  expected  that  the  effect  of  the  velocity  indices  is  much  larger  lor  the  impinging  Injector  types  than  lor  the  coaxial  ones, 
sines  the  taller  are  more  symmetrical. 
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•  Chamber  Impedance 

The  chamber  impedance  Z^s)  =  pi(s)/m£(s)  (or  In  dimensionless  form  [p((s)/rhj,(s)j  (rii/pj)  can  be  established  by  solving 
the  conservation  equations  for  a  diphasic  flow  (combustion  gas  and  propellant  droplets)  within  the  combustion  chamber, 
the  latter  providing  the  necessary  boundary  conditions). 

If  the  frequency  range  of  interest  Is  low,  with  respect  to  the  acoustic  frequencies  of  the  chamber,  the  oscillations  (as 
already  mentioned  under  paragraph  2)  are  not  position-dependent  and  the  chamber  Impedance  Is  primarily  function  of  the 
gas  residence  time  within  the  chamber.  Increasing  the  residence  time  augments  the  chamber  admittance  and  will  improve 
the  stability  behaviour. 

If  the  frequency  range  of  interest  covers  the  acoustic  frequencies  of  the  chamber,  the  wave  propagation  velocity  has  to 
be  taken  Into  account.  The  axial  boundary  conditions  are  provided  downstream  by  the  convergent  part  of  the  nozzle 
(irrotational  nozzle  admittance  Ref.  5),  upstream  by  the  injection  admittance  at  the  Injector  plate,  the  chamber  wall  deter¬ 
mining  the  radial  boundary  conditions.  Acoustic  cavities  and  baffles  if  any,  will  modify  the  chamber  geometry  and  conse¬ 
quently  alter  the  chamber  impedance  (generally,  they  will  Increase  the  damping  and  occasion  a  frequency  shift  of  a  few 
percent  with  respect  to  the  pure  acoustic  frequency  of  the  chamber).  Thus,  in  a  first  approximation,  the  Impedance  of  the 
chamber  will  mainly  depend  on  the  geometrical  shape  of  the  chamber  and  on  the  combustion  gas  properties  [a,,  (F£  r),  y] 
(see  Ref.  1 ,  Ref.  2,  Ref.  4  for  the  case  the  admittance  at  the  injection  plate  Is  neglected). 

In  the  control  loops  represented  on  Fig.  1,  Instability  will  occur  for  those  frequencies  yielding  impedance  values  of  the 
combustion  chamber,  which,  together  with  the  corresponding  values  of  the  Injection  admittance  and  the  (n,T„)-combustion 
pair,  enable  an  open  loop  gain  equal  to  or  larger  than  unity.  Normally  these  frequencies  sensibly  match  the  acoustic 
frequencies  of  the  chamber  at  which  the  absolute  Impedance  value  usually  peaks. 

Equations  14  and  Fig.  1  neither  take  Into  account  the  contribution  to  the  unsteady  burning  rate  provided  by  the  oscillation 
of  the  mixture  ratio  of  the  Injected  propellants  (secondary  effect)  nor  that  occasioned  by  the  perturbation  of  the  injection 
velocities,  the  impact  of  which  is  difficult  to  ascertain  with  precision  In  a  real  case  (see  Reardon's  simplified  treatment  In 
Ref.  2). 


•  Injection  admittance 

For  high  frequency  oscillations  (range  of  the  chamber  acoustic  modes),  the  injection  admittance  Is  generally  governed  by 
the  resistance  2SP/rR(  respectively  the  Inertance  1/NIJk(Ik/Ak)J  of  the  Injector  elements,  considered  in  parallel,  together 
with  the  capacitance  v/af  of  the  distribution  manifold.  Further  upstream,  the  HF-osclllatlons  are  usually  damped  out  i.e. 
feedline  and  combustion  chamber  are  uncoupled). 

For  low  frequency  oscillations,  on  the  other  hand,  the  wave  propagation  upstream  into  the  feed-system  has  to  be  taken  Into 
account,  usually  up  to  a  clear  boundary  condition  provided  either  by  a  propellant  pump  or  a  cavttatlng  venturi,  and, 
depending  on  the  value  of  the  injector  resistance,  a  coupling  between  feed-system  and  combustion  chamber  is  existing 
(main  cause  of  the  “chugging1' phenomenon)  or  not. 

In  both  oases  (HF  and  LF),  Increasing  the  injector  resistance  (I.e.  tor  a  given  rfi,  value,  increasing  the  pressure  drop  across 
the  Injector  plate)  will  Improve  the  stability  behaviour  of  the  chamber. 


4.  HF-  AND  LF-OSCILLATION  PHENOMENA  IN  A  GASEOUS  HYDROGEN,  UQUIO  OXYGEN  (GHt:LOX) 
COMBUSTION  CHAMBER 

To  Illustrate  the  theory  summarized  under  paragraph  3,  we  describe  and  Interpret  In  this  section  the  HF-respeotively 
LF-stablllty  behaviour  ol  the  GHjlOX  HM7-combustion  chamber  developed  at  MBB-Ottobrunn  for  the  3rd-stage  propul¬ 
sion  system  (Ref.  8)  ol  the  Arlane  launcher. 


•  Chamber  configuration  and  feedaystem 

Fig.  2  shows  an  axial  cross  section  through  the  combustion  chamber  and  the  Injector  head. 

The  liquid  oxygen  (LOX)  is  fed  to  the  combustion  chamber  by  meana  of  the  LOX-dome,  which  enables  a  uniform  distribu¬ 
tion  of  propellant  through  the  injector  head. 

The  chamber  assembly  Is  regeneratlvety  cooled  by  liquid  hydrogen  (LH,). 

At  the  outlet  of  the  cooling  channels,  the  hydrogen,  having  been  heated  up  by  means  of  the  heat  transferred  from  the 
chamber,  la  gaseous  and  feeds  the  hydrogen  outlet  manifold  respectively  distributor,  which  similarly  to  the  LOX-dome, 
enables  a  uniform  propellant  Injection  Into  the  chamber  through  the  Injector. 


*»{**$- 
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LOX  dome  Wet 


LOX  dome 


Injector  heed 


GH2- purged  PC- measurement  TAP 

Fig.  2  LH2  +  LOX  thrust  chamber  configuration 


nozzle  extension 


Both  LOX-  and  LH2  feedsystems  include  control  valves  and  cavitating  venturis,  as  represented  on  Fig,  3,  so  that  the 
combustion  chamber  and  the  feed-systems  upstream  of  the  venturis  are  uncoupled. 


nitrogen 

PWtfng 

subsystem 


LOX  praoooilng  subsystem 


LOX  shut  down 
valve 

cavitating  venturis 


control 

valves 


,  to  high  pressure 
run  tanks 


LH2-WH  \ 

- HW 

uJT  W 


LH2 

Fig.  3  LOX-  4  LH2-faadayattma 


•  Injector  configuration 

The  HM7-thruat  chamber  (Ref.  3)  uses  a  coaxial  type  Injector  element,  a  typical  version  of  which  la  represented  on  Fig.  4 
(other  configuration  variables  are  described  In  detail  In  Ref .  8). 

In  the  concentric  tube  element  Injector  type,  the  oxydlzer  (liquid  oxygen)  la  injected  in  the  central  tuba,  whereas  the  fuel 
(gaseous  hydrogen)  It  Injected  at  the  periphery.  While  entering  the  combustion  chambtr,  the  low  velocity  liquid  (LOX)  jet  is 
thus  surrounded  by  e  high  velocity  gas  annutua  and  the  atomization  process  takas  place  by  meant  of  a  shearing  mech¬ 
anism  batween  tha  two  jata  (as  a  result  of  the  momentum  exchange  between  fuel  and  oxkter,  liquid  sheets  art  separated 
from  tha  centra)  jat  and  break  Wo  ligament*,  tha  ligaments  breaking  thameetvae  Into  droplets). 

Additionally,  the  atomization  process  can  be  enhanced  by  the  Inclusion  of  a  ribbon  ewirier  in  tha  oxidizer  central  tuba 
(Rg-4). 


m 
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nyarog*n  awciDUw 


Fig.  4  Typical  injactor  clamant  configuration 


As  far  as  the  propellants  are  concerned,  the  atomization  efficiency  primarily  depends  on  density,  surface  tension  and 
dynamic  viscosity  of  the  liquid  repectlvely  on  density  of  the  gas  and  differential  velocity  between  the  two  jets.  Moreover,  It  Is 
In  the  design  largely  Influenced  by  the  value  of  the  LOX-post  recess  c  with  respect  to  the  hydrogen  sleeve  (Fig.  4)  and  the 
presence  of  cylindrical  or  tapered  LOX-post  elements  (Ref.  9)  and  their  diameter. 

The  pressure  drop  across  the  Injector  Is  mainly  provided  by  restrictors  disposed  at  the  element's  inlet  but  a  fraction  of  it  is 
also  distributed  along  the  element  itself. 


•  Start-respectively  shutdown  sequence 

Fig.  5  represents  the  start-respectively  shut-down  sequence  used  during  the  developement  tests  of  the  thrust  chamber. 


For  safety  reasons  (mixture  ratio  value,  cooling  problems),  the  chamber  is  started  with  an  hydrogen  lead  (time  duration 
AW)  Ignited  by  means  of  an  electrical  torch  Igniter  with  a  very  high  mixture  ratio  (Ref.  0).  At  the  moment  of  Ignition,  the 
hydrogen  flowrate  Injected  Into  the  chamber  has  reached  Its  nominal  value,  As  soom  as  ignition  has  been  detected,  the 
oxygen-“shutdown"  valve  la  opened  and  oxygen  is  fed  into  the  chamber.  During  the  start-sequence,  a  gaseous  nitrogen 
purge  (flowrate  it*  on  Fig,  5)  Is  activated  to  prevent  a  backflow  over  the  injector  into  the  oxidizer  teedsystem.  At  the  end  of 
the  test,  the  oxygen-shut-down  valve  Is  dosed  whereas  the  hydrogen  flowrate  has  still  its  nominal  value  (hydrogen  lag) 
and  the  nitrogen  purge  Is  similarly  activated  u  during  start 

•  Observed  oscillation  phenomena  ol  die  chamber  pressure 

-  LF  oscillation  phenomenon 

Has  been  practically  observed  in  each  hot-run  during  the  start  and  the  shut-down  phases,  as  shown  on  Fig.  0.  It  has  been 
established,  during  the  development  test  campaign,  that  the  LF-oscWation  corresponding  to  the  start  phase  results  from 
the  coupling  between  the  combustion  chamber  and  the  oxygen  fsadUna.  as  the  pressure  drop  across  the  oxygen  Injector 
goes  through  a  minimum  value.  This  minimum  value  Is  occasioned  by  the  sudden  liquefaction  of  the  Injected  oxygen 
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propellant  (during  the  precooling  phase  of  the  oxygen  feedline,  the  shut-down  valve  -  Fig,  3  -  remains  closed  and  the 
(eedllne  section  between  valve  and  thrust  chamber  Is  not  cooled  down.  At  time  t  =  0.  Just  after  ignition,  the  valve  opens  and 
the  heat  stored  in  the  hardware  Is  high  enough  to  vaporize  the  oxygen  propellant,  which,  as  a  consequence.  Is  Injected 
under  gaseous  form  for  nearly  0.5  sec.).  The  coupling  of  the  combustion  chamber  and  the  hydrogen  feedsystem  remains 
uncritical,  as  far  as  the  LF-osclllatlon  phenomenon  Is  concerned  (as  the  “chugging"  oscillation  is  triggered,  the  pressure 
drop  across  the  hydrogen  Injector  Is  high  enough  due  first,  to  the  nominal  flowrate  of  hydrogen,  second,  to  the  “high"- 
temperature  at  the  outlet  of  the  cooling  channels  occasioned  by  the  combustion  phenomenon  Itself.  Furthermore,  the 
pressure  drop  along  the  cooling  channels  themselves  additionally  enhances  the  uncoupling  between  combustion  chamber 
and  hydrogen  feedsystem). 

The  UF-osclllatlon  during  the  shut-down  sequence,  also  results  from  (he  same  coupling  between  chamber  and  oxygen 
feedsystem  as  during  the  start  phase.  However,  the  preponderant  r6le  played  by  the  nitrogen  purging  subsystem  has  been 
clearly  demonstrated,  whereas  this  Influence  was  negligible  during  the  start  phase. 


-  HF-oscIHatlon  phenomenon 

Has  only  been  observed  during  the  chamber  start  sequence  if  the  hydrogen  injection  temperature  at  the  Instant  of  ignition 
(more  exactly  at  the  opening  of  the  oxygen  “shut-down*  valve  -  Fig,  3-,  l.e.  for  t »  0)  lay  underneath  a  critical  value 
T#«T#  (Mu,  function  of  the  Injector  configuration. 

Action  on  the  value  of  T«  (t  -  0)  was  provided  by  varying  the  time  duration  Ab  of  the  hydrogen  lead  (Fig.  S),  i.e,  the 
precooling  phase  of  the  chamber  assembly. 
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•  Range© 

-  subsonic  low  (GOX,  QH3)  in  both 
injectors 

-  T*r  {t  ■ o)  <  T*  Mta 
(no  AT#  margin) 

•  Range® 

-  AP»  (t  ■  tt)  min  -» Squared  of  oxygen 

-  chugging  phen.  modulates  HF-phsn. 

•Range® 

-AP.(W large  '  noieedeyat 

-  AP*  large  /  coupling  any  mere 

*  wwwwc  ronig  (non  RnNfj 

•Range© 

atekie  JUkMkl  leiiea 

pmooraunon 

P,d>W>R,(»<y 
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The  critical  temperature  condition  tor  hydrogen  injection  being  fulfilled,  the  HF-phenomenon  was  always  triggered  for  a 
value  of  the  ratio  chamber  pressure  to  hydrogen  injection  pressure  sensibly  equal  to  0.46,  i.e.  exactly  matching  the  ratio 

value  (P</Pif)  *  at  which  the  gaseous  hydrogen  in  the  Injector  switched  over  from  the  choked  condition  to 

the  subsonic  flow.  Because  the  transition  between  the  two  flow  types,  in  the  hydrogen  injector,  always  took  place  before 
the  appearance  of  the ‘chugging1' phenomenon  In  the  chamber,  the  oxygen  injected  at  that  moment  into  the  chamber  was 
also  gaseous,  the  transition  between  choked  and  subsonic  (tows  in  the  oxygen  injector  sensibly  occuring  at  the  same  time 
as  for  hydrogen. 

Since,  as  far  as  oxygen  is  concerned,  the  start  sequence  was  repeatable  from  test  to  test,  and.  alone  considered,  had  no 
action  on  the  genesis  of  the  HF-osdtlation  phenomenon,  we  can  conclude  that  GH,-teedsystem  coupling  with  the 
combustion  chamber  was  necessary  to  trigger  the  instability  phenomenon. 

According  to  the  type  ol  injector  employed,  the  2nd  acoustic  respectively  1  st  acoustic  tangential  mode  of  the  chamber  has 
been  observed.  The  diagrams  (Fig.  7)  explain,  for  a  given  hardware  configuration,  the  3  encountered  cases. 


•  T#(t  •  0)  *•  T*  cMtw 
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HF-phenomenon  (HF-dtoap- 
pew*  belore  LF-geoeaw) 
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Fig.  7*2  HF-cetehiTyO-oj^Tai^^ni  trenaient  HF-phenomenon 
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•  Interpretation  of  the  LF  Cthuggag*)  ooe  eaten  phenomenon 

A  poewxMy  to  made  fhe  werptetaioA  at  M  ‘chugging*  phenomenon  would  central  *e  redfclisng  ettuason  (te-3fj  {*.*. 
ne(pe^>ieWnnhcpentedini(OducrnQea)rrett<tetotawirteeccour4»iecontrihuteniotteunew>dyOu»ningrite 
ol  mixture  rate  luesuaten  -  magnitude  eenmeted  to  atound  a  to  i  per  cam  ol  me  tour  feauaton  *4  and  hitter 
pertaminflteenthf**  of  the  temodihte  open  loop  eansterfcjncsionuengHyquiwtaeefibatycrtenon 

However,  knowing  akeady,  aa  itpiiined  above,  the  ‘chugging*  phenomenon  *  mi My  oecnikvwd  by  tie  co**ng 
between  chamber  and  osk&ter  taadoywem,  whan  tie  preeaute  mop  ecroee  era  oxygen  ipecM  a  fneuMtoent,  ant 
remarking  (P»  Y^'iP^fjSPJie  Mentevr  wvnegan  (it. a aeon parameter?, we chooee ac etabMp ctegram  a 
leeveeantejonoilw  farm  which  showe  am  reduced  tueietiectorpreawee  dwp  eealunmon  elate 
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Fig.  8-1  shows  the  chamber  pressure  fluctuations  during  the  start  phase,  respectively  the  calculated  oscillation  frequency 
v.s.  the  temperature  of  the  LOX-propellant  inside  the  feed-line.  It  can  be  seen  the  first  feed-line  mode  Is  excited,  the 
correspondence  between  measured  and  calculated  frequencies  being  satisfactory.  (Note  the  strong  Influence  of  the  pro¬ 
pellant  temperature  -  over  the  velocity  of  sound  -  on  frequency.) 
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Fig.  8-2  Stability  diagram  of  the  combustion  chamber  during  the  facility  sea-level  testing. 


Fig.  8-2  displays  the  stability  diagram  of  the  combustion  chamber  for  the  facility  sea-level  configuration.  T ranaiuon  between 
Instability  ana  stability  occurs  for: 

*»  0.26  £  0.02 

\  Ps  /qnhul 


As  noticed  before,  (SP^/Pj)  In  the  range  0,4  to  0.7  has  little  Influence  on  transition, 

At  the  nominal  working  point.  /  •»  0.05,  which  provides  enough  nurgln  tor  a  smooth  operational  use  of  the 

chamber,  ' 


-  Results  olthe  altitude  simulation  testing 

Fig.  9-1  shows  the  chamber  pressure  oscillations  during  the  start  phase  as  well  ts  the  corresponding  calculated  mode 
frequencies.  It  is  apparent  that  the  frequency  of  the  feed-line  mods*  is  lowered,  with  respect  to  the  sea-level  letting 
configuration,  due  to  the  Increased  length  of  the  line, 

On  the  other  hand,  this  lime  the  second  feed-line  mode  la  excited,  which  corresponds  to  e  higher  osciition  frequency  than 
In  the  sea-level  case. 

Calculated  and  measured  frequencies  are  in  satisfactory  concordance  (simkaity.  note  the  strong  temperature  effect  on  the 
frequency  value  of  the  feed-tine  modes). 
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o.t  Q.2  0.3  0.4  as  o,»  0.7 


Ftg.»-1  Cateulrrted  frequency  and  observed  pressure  oscillation  In  the  chamber  during  startphase 
ol  the  facility  altitude  satulatkm  tasting. 


Fig.  9-2  illustrates  the  instability  respectively  the  stability  domain  ol  the  combustion  chamber  tor  the  aititudo  simulation 
testing  configuration  ol  the  facility. 

Transition  between  Instability  and  stability  sensibly  occurs  lor 


which  represents  a  degradation  ol  arounu  12  per  cent  with  respect  to  the  sea-level  testing  configuration  ot  the  facility. 


AP 

(Transition  for  »0,») 
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As  in  the  previous  case,  (AP1F/P„)  (between  0.3  and  0.6)  has  no  noticeable  effect  on  the  transition  line.  At  the  nominal 
working  point, 


which  provides  enough  margin  for  a  smooth  operational  use  of  the  chamber. 

-  For  both  facility  configurations  (sea-level  and  altitude  simulation)  in  the  starting  transient  phase,  the  gaseous  oxygen 
■injected  Into  the  chamber  generally  switches  over  from  the  choked  condition  to  the  subsonic  flow  in  the  injector  less  than 
0.2  sec  after  ignition. 

As  of  now,  although  the  injected  flowrate  Is  low,  the  corresponding  pressure  drop  across  the  injector  Si5^  is  relatively  high, 
due  to  the  low  value  of  the  gas  density,  and  the  ratio  (AP^P^  has  an  order  of  magnitude  around  0.5 : 0.6,  the  combustion 
chamber  being  stable. 

When  the  injected  oxygen  liquefies,  the  pressure  drop  across  the  Injector  collapses  (due  to  the  higher  fluid  density),  the 
ratio  (SffyP^)  taking  typical  values  of  0.1 : 0.2  and  the  chamber  is  instable. 

Since  the  Injected  flowrate  keeps  increasing,  the  pressure  drop  across  the  injector  Increasing  faster  than  the  chamber 
pressure,  the  oscillation  disappears  (transition  value  of  (SPjPj  from  0.26  to  0.29).  Above  the  transition  value  of  (SPJK), 
the  chamber  Is  stable.  "  ' 


-  When  the  mean  pressure  drop  APjo  across  the  injector  Is  negligible,  whereas  (dP./drrg  is  large  (the  mean  mixture 
ratio  being  very  low),  we  can  interpret  the  LF-osclllatlon  as  a  resonance  phenomenon  between  the  oxygen-feedsystem 
and  the  thrust  chamber  (assimilated  then  to  the  pair  LOX-Injector  Inertance  and  chamber  capacitance,  presenting  the 
undamped  natural  frequency  O).  Among  the  modes  which  can  be  excited  In  the  feedsystem  (equations  16-),  the  thrust 
chamber  plcks-up  the  next  neighbour  toK  of  Its  natural  frequency  G.  The  nearer  %  lies  from  Q,  the  stronger  Is  the 
resonance  phenomenon  Involved. 


This  simplified  reasoning  neglects  the  total  time  lag  and  one  needs,  as  "power”  source,  an  Increase  of  the  flowrate  v.s. 
time  at  the  cavltatlng  venturi,  a  condition  which  indeed  Is  fulfilled  during  the  start  phase  of  the  chamber  (Fig.  5),  In  ordar  an 
oscillation  be  triggered  In  the  chamber  (open  loop  system). 

However,  we  actually  have  to  deal  with  a  closed  loop  system  exhibiting  moreover  a  dead  time  (the  total  time  lag). 
Consequently,  an  oscillation  can  be  triggered  without  necessitating  an  Increase  of  the  flowrate  v.s.  time  at  the  cavltatlng 
venturi,  the  transition  to  Instability  sensibly  taking  place  tor  1  +  Z^sHl  +  e)  Yk)(s)exp(-foTs)  =  0,  which  Is  a  varlante  of 
equation  (14-3),  where  Z,(s)  prlmarfy  depends  on  the  residence  time  ot  the  combustion  gas  within  the  chamber,  respecti¬ 
vely  e  (f,  c\  6oV8r)  represents  the  contribution  ol  the  mixture  ratio  oscillation  ol  the  propellants  at  the  Injection,  and,  the 
Intrinsic  part  has  been  neglected. 


•  Interpretation  of  the  HF-osclllatlon  phenomenon 
-  HF-osclllatlon  genesis  (gaseous  propellants) 

We  have  seen  above,  that  a  “QHj-feedsystem  coupling”  with  tho  chamber  was  necessary  to  trigger  the  HF-osclllatlon 
phenomenon  (start  ol  phenomenon  lor  (P^P*)  »  (^$7)*^  as  both  propellants  Injected  Into  the  chamber  were 

gaseous.  The  question  which  now  arises  Is  to  know  wether  this  coupling  Is  sufficient  or,  In  other  words,  wether  a  certain 
contribution  ol  !h*  Intrinsic  loop  (Fig.  1 )  la  Indispensable  (the  trouble  being  of  course,  that  the  combustion  gain  of  the  latter 
la  unknown). 

In  Oder  to  investigate  Unis  question,  wo  lust  suppose  the  contribution  of  the  feedsystem  coupling  alone  Is  sutficlcnt  to  start 
and  sustain  instaWrty,  Ootng  this,  we  obUln  a  critical  value  ol  the  total  tlma  lag  which,  In  this  ease,  practically  reduces  to 
the  sum  of  the  heating  and  mixing  elementary  Fme  tags,  If  we  euppoee.  e)  the  time  leg  corresponding  to  the  chemical 
reaction  is  negligibly  small,  b)  admit  the  Infection  tlmo  tag  (equation  (6))  has  no  reel  significance  for  a  coaxial  injector  type 
fed  by  gaseous  proponents,  Second,  having  obtained  the  critical  value  of  ths  corresponding  total  time  lag  snd  rsmartong 
“burning  time  lag"  and  “total  time  lag*  ore  tor  our  case  practically  alike,  we  wi  compare  this  critical  value  with  the  parted 
duration  of  the  corresponding  HF-oseWation. 

If  we  suppoee  the  main  part  ol  the  combustion  gain  (equation  (15-2))  Is  •  real  number,  then  the  order  of  magnitude  ot  the 
necessary  "burning  time  tag*  should  sensibly  be  equivalent  to  where  Tm  It  the  oscMstion  period  ol  the  Involved 
nnt'ffloot. 

Consequently  4  (Tt  W*  be*  «n  order  of  magnitude  simitar  to  or  larger  than  T„/2,  we  will  conclude  that  •  contribution  of 
the  intrinsic  loop  it  involved  in  (he  triggering  of  the  KF-pheoomtoon.  It,  on  the  other  hand,  (Tr)^  is  tar  smaler  than 
««ithin  th*  eoop*  °#  oor  hypothe«le,  thatt  no  contribution  ol  tfw  intxinalo  toop  I*  rwcMMry  lo  stmrt  th* 

HF+tmomnon 
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Considering  trie  equation  1  +  Aj,m  Zo(s)  Y,(s)  exp  { -Tys)  =  0,  we  can  express  the  amplification  coefficient  \  of  the  complex 
frequency  s  as  well  as  the  shift  u>,  of  the  angular  frequency  with  respect  to  the  value  of  the  pure  acoustic  nude  w0  as 
follows: 


COSTyO- 


1+ aM 
M. 
*Anm  Y 


(17-D 


respectively 


where 


2-^(0,  -  A^yM.  {[jfgr  +  ^+5?]  sin^o  +  +  f^]  " 


flW, 


(o  =  w0  +  to,  =  angular  frequency 
I  =  cylindrical  length  of  the  chamber 
So  =  velocity  of  sound  in  the  chamber 

Y  =  (^Cv)chwnb#r 

M„  =  Mach  number  at  the  inlet  of  the  convergent 
a  =  a,  +  la,  =  Irrotational  admittance  of  the  convergent  part  of  the  nozzle 


Dk 

Tk 

Kk 


“TkO- 


(YiJkr 


(K  =  0  or  F) 


=  time  constant  of  the  corresponding  Injector 


(17-2) 


Tk  =  time  constant  of  the  pair  injector-dome  (k  =  O)  or  Injector  distributor  (k  -  F) 

5Pik  =  mean  pressure  drop  across  the  corresponding  injector 

if>K  =  mean  Injected  maas  flow  In  the  corresponding  Injector 

(YiJkfl^  imaginary  part  of  the  feedsyatem  admittance  seen  from  dome  or  distributor. 

r  =  mean  mixture  ratio  in  the  chamber 

Yk  =  (VCv)k 

Aj„,  =  amplification  coefficient  (nm-mode)  related  to  the  feedsystem  coupling,  Introduced  by  the  injection 
distribution  density  function. 

Using  equations  (17)  for  the  instant  at  which  the  hydrogen  flow  in  the  injector  switches  from  the  choked  condition  to  the 
subsonic  flow,  we  find,  for  the  Injector  configuration  leading  to  the  excitation  of  the  2nd  tangential  mode  (Aj, «  2,51 0  tor  a 
uniform  Injection  distribution  density),  a  critical  value  of  the  total  time  lag  (TT)crtlcll »  20  usee,  whereas  «  =>  w2, «  50369 
sec''  corresponds  to  (T 2,/2)  *»  62.4  usee. 

For  the  Injector  configuration  leading  to  the  exoltatlon  of  the  1st  tangential  chamber  mode  (A1,, « 1,980  for  a  uniform 
Injection),  we  find,  under  the  same  conditions  (YtIobui^SO  usee,  whereas  w  =  <i>„  =>31532  sec'1  corresponds  to 
(T„/2)«>  99,6  usee. 

In  both  cases,  we  see  (TtIowmi  Is  smaller  than  (TrJZ),  however,  It  Is  not  small  enough  In  order  (1  -  cos  Y6w)  be  completely 
negligible,  which  means  the  Intrinsic  loop,  depending  on  the  combustion  gain  Q(u).  could  contribute  to  the  genesis  of  the 
HF-phenomenon.  when  both  injected  propellants  are  gaseous. 
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On  Fig.  1 0,  we  have  tentatively  tried  to  correlate  several  test  results  by  drawing  the  diagram  (r-,1,^  =  f(rT)crtSaJ. 

In  this  diagram,  if  (T)rMl  <  (?T)w1ticll,  the  chamber  is  stable.  If  (tt)im1  ?  the  chamber  is  Instable. 

Remarking  that  in  the  relationship  tt  =  th  +  tM  the  two  different  operations  of  propellant  heating  and  propellant  mixing 
(corresponding  to  the  two  elementary  time  lags)  are  probably  more  overlapped  than  separated,  we  have  expressed  (rT)wa, 
as  a  function  of  the  ratio  between  the  energy  which  is  necessary  to  heat  the  injected  cold  hydrogen  up  to  the  ignition  level 
and  the  heat  contained  in  the  combustion  chamber  at  the  same  time: 

where  the  constant  t0  and  the  exponent  a  have  been  chosen  in  order  the  total  time  lag  (tt)[M1  of  the  Injector  configuration 
leading  to  the  excitation  of  the  1st  chamber  tangential  mode  be  situated  lightly  beyond  the  instability  border  in  the  instable 
sector.  The  correlation,  although  relatively  simple,  works  surprisingly  good  and  enables  a  correct  interpretation  of  the  test 
results  (Fig.  10),  which  shows  the  contribution  of  the  intrinsic  loop  seems  to  be  marginal  and  consequently  in  the  expres¬ 
sion  yM„G(w)  [1  -  COST5C0]  (which  should  be  added  to  the  RHS  of  equation  17-1  in  order  to  take  Into  account  the  contribu¬ 
tion  of  the  intrinsic  loop)  the  gain  G(»)  should  be  small  enough  to  be  neglected. 

-  HF-oscillation  during  the  liquefaction  of  the  Injected  oxidteer 

Fig.  1 1  presents  the  case  of  an  injector  configuration  resulting  in  the  excitation  of  the  2nd  tangential  mode  of  the  chamber 
(see  also  Fig.  7-1).  The  figure  shows  the  acceleration  of  the  chamber  assembly  at  the  Instant  where  both  HF-oscillation 
and  IF-oscillation  are  fully  developed  In  the  combustion  chamber.  On  this  picture,  It  Is  apparent  that  the  HF-osclllation  is 
amplitude  modulated  by  the  IF-stgnal.  This  signifies,  that  at  this  time,  the  contribution  of  the  Intrinsic  loop  to  the  HF- 
oscillation  phenomenon  can  still  be  neglected,  whereas  the  Influence  of  the  hydrogen  feedsystem  decreases  due  to  the 


S(t) 


1  msec 


Fig.  1 1  Structure  acceleration  and  “chugglng"-phenomtnon  during  liquefaction  of  the  injected 
oxldlaer  and  almultaneoua  HF-lnatablllty  (Teat  64-069) 


increasing  pressure  drop  W#  across  the  hydrogen  Injector,  occasioned  by  the  Increasing  Injection  temperature,  the  main 
cause  ol  the  HF-lnstabllity  being  now  provided  by  the  coupllngwlth  the  oxygen  teedsystem/equatlon  (14-2)  practically 
reduces  to  t  +Xr,Z«(a)  Y*(a)  exp(-fTos)-o  where  Y„(s)  ~  (P#£P"J,  2FB  being,  from  the  HF-view  point, 

modulated  by  the  LF-lluctuatlon  rfi^D)  of  the  Injected  Howrste :  2P*  -  (5/2p  A*)  (m*  +  2  +  •  •  •) 


This  Similarly  modulates  the  gain  K^--  (P^2SFj(f/F  + 1)  on  which  the  amplification  coefficient  of  the  complex  high 
frequency  »»X  +  to  depends/. 


Note  that  the  observed  predominance  of  the  LOX-feedsystem  coupling,  in  this  taction  of  the  chamber  start  phase,  la 
probably  enhanced  by  the  Influence  ol  the  Injection  velocity  perturbation  on  the  total  time  lag  (Reardon  Ref.  2). 

-  HF-oadllation  after  the  disappearance  of  the  "chugging "-phenomenon  (Fig.  7-1 ) 

After  the  disappearance  of  the  "ehugglng*-phenomenon,  the  mean  pressure  drop  aeroea  the  LOX-ir^ector.  &P'U,  has 
practically  reachad  Its  nominal  value,  whereas  2F#,  tha  mean  pressure  drop  along  the  hydrogen  Injector,  la  aanstbfy 
higher  than  its  nominal  value,  due  to  the  Increased  heat  transfer  to  the  cooling  channels  occasioned  by  the  HF- 
phenomenon.  Under  those  drcumatancee  no  coupling  between  combustion  chamber  end  feedaytlem  exists  any  more  and 
the  HF-oecklabon,  if  it  parsiate,  Is  soiaiy  controlled  by  the  intrinsic  loop,  whara  non-Jinear  phenomena  limit  the  an?ttude  ol 
tha  fluctuation. 

During  the  transition  bach  to  stability,  equation  (14-2)  reduces  toY,(a)«AU(SVPj)((r/f  +  l)(n,t--e*p{-T*»))  +  •••)). 
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Where  » 1  (Ref.  4),  because  of  the  uniform  Injection  density,  and  the  contribution  of  hydrogen  has  been  omitted,  due 
to  the  low  value  of  Tr  with  respect  to  . 

At  main  stage  and  under  the  assumption  the  HF-phenomenon,  If  any,  Initiated  during  the  start  phase  of  the  chamber  has 
ceased,  the  chamber  Is  always  stable  for  all  injector  configurations.  This  means  the  Intrinsic  loop  alone,  to  the  contrary  of 
what  Is  known  for  the  storable  propellants  (Ref.  2,  Ref.  4),  Is  Insufficient  to  trigger  instability.  In  other  words,  the  combustion 
gain,  mainly  affected  here  by  the  pressure  interaction  Index,  is  always  too  low. 


5.  POSSIBLE  MEASURES  TO  BE  TAKEN  IN  ORDER  OF  INFLUENCING  COMBUSTION  INSTABILITY 
•  LF-case 

-  Action  on  the  injection  admittance 

As  mentioned  under  paragraph  3,  the  injection  admittance  has  to  be  minimized  in  order  of  improving  the  stability  behav¬ 
iour. 

Since  (Fjfii)  Y,(s)  -  (F^/25Pi),  this  implies  Increasing:  a)  the  pressure  drop  across  the  Injector  by  reducing  the  cross- 
sectional  area  of  the  Injector  orifices,  b)  the  pressure  drop  In  the  feedsystem  by  inserting  restrictors  In  the  feedlines  (in  both 
cases,  the  limitation  factor  being  the  maximum  Injection  pressure  drop  tolerated  by  the  turbopumps  or  equivalent  feed- 
systems),  c)  if  possible,  for  a  given  pressure  drop  SPT.  decreasing  the  combustion  pressure  (difficult  to  realize  since 
chamber  pressure  Is  generally  dictated  by  other  considerations).  Moreover  we  have  seen  a  variation  (increase  or  reduction) 
of  the  length  of  the  feedline  tubing  also  affects  the  stability  limit 

-  Action  on  the  chamber  Impedance 

As  seen  under  paragraph  3,  the  chamber  impedance  has  to  be  minimized.  Since  (1/Z,(s)) »  Y„(s) » (i  +  OcsVy(P^/m), 
where  80  Is  the  combustion  gas  residence  time,  increasing  this  relaxation  time,  by  increasing  the  combustion  chamber 
volume,  will  Improve  the  stability  behaviour. 

-  Action  on  the  to*al  time  lag 

In  order  of  Improving  the  stability  behaviour,  the  total  time  lag  /equation  (3)/  has  to  be  held  as  small  as  possible.  This  can 
be  achieved  In  a  given  cate  either  by  modifying  the  propellant  properties  (use  of  a  more  volatile  propellant,  addition  of 
catalytic  substances  etc.  (Ref.  10)]  or  more  likely,  by  means  ol  geometrical  trimming  ot  the  Injector  In  view  of  reducing  the 
Insensitive  time  lag  /equation  (4-1  y  and  Improving  the  mixing  process  /for  examp.  In  the  case  of  a  coaxial  k^ector  with  the 
GHj :  LOX  propellant  combination,  action  on  the  value  oi  the  recess  parameter  c  (Fig.  4)  win  affect  atomization  and  mixing 
pfoctwta/, 

A  recirculation  of  the  combustion  gases  win  alike  enhance  heabng/vaoorizing  and  mixing  mechanisms  and  so  doing, 
affects  the  sensitive  Hme  lag  /equation  (4-2)/.  It  must  be  remarked  that  d*  sheets  ot  the  Infector  trimming  have,  in  a  large 
manner,  to  be  experimentally  determined.  Moreover  they  will  generally  Influence  the  eHtdency  ol  combustion. 


•  HF-case 

All  that  has  been  eaid  above,  with  respect  to  the  injection  admittance,  remains  true.  Additionally,  Increasing  die  inertance 
oi  the  in)ector  elements  wil  also  enhance  Mabity. 

As  far  as  the  chamber  Impedance  Is  concerned,  die  main  action,  in  order  ol  Improving  the  HF-etabity  behaviour,  wM 
consist  in  inserting,  in  the  combustion  zoned  die  chamber  damping  devices  such  as  acoustic  cavkias  and  batdee 
(ntotHam  areas,  lot  the  rarities  temperature  and  aae  oomooeldoninalde  the  cavdv  dead  must  be  aredaaiv  known  since 
diay  influence  the  corresponding  velocity  d  sound;  tor  the  baMas,  mechanical  integrity  and  (00M9  problems).  In  ceae  da 
reoenaredvdy  cooled  oombusMoo  chamber,  a  modMealton  c’  die  ahaoe  d  the  mnvarnenl  oart  d  the  nozzle  faction  on 
oM  trroldfrMl  non*  tdmittanoi,  totQUiioft  (17-ty  m  not  bo  poiilblo  ilnoo  tN»  ihipo  l> 

lifQOty  condibonod  by  ihi  chwibif  oooltnQ> 

A  modiGcetton  d  the  Mector  naramatera  (injection  areas,  oraoeianl  vetoddaa.  Macdon  anolaattanv.  ato,  ...I  rear  abaci 
tht  miv  Quafcy  and  fitulof  i  rnocHty  Iht  cofnhuttion  niki  and  jaaociiiidirfii  Ian.  Ai  roorrfjf^d  atoua.  jfAixiia  ol 

^^rerey  re^^wirere  ^erer  ^^^wrei^^^^rer  ret^e  reaer  -ere  ri^ren  're^ma  ereree^vt  re^re  e^rererere^P  ere 

Mhia  treia^rui  fMilreugsLftrett  has  bus  AiieaLiaaibr  -A  —4.^.  ----- ■  x  ^  ttoja  AUAejiMuukasi  1 — - .  —  .■  a  a  to  dik  ■  ^  -a  -.re  -*  -  --  . 

wqww  vnMiMiy  n—ippt  QfTipiicMyot^tmiaogunnflwwo«pinroinMigwai>Qaaonoiwioaitf»wy  OftOiiacwncy 
behaviour  dddlsrent  injector  acts. 


I  COMCUIUOM 


tolhcpresed  paper,  are  have  triad  toc*plito»»tnitabliybshiMoi»dtcombuetion  chamber  tod  by  giiedii  or  l»iM 
propadanta,  using,  among  odwe,  die  combuatton  ima  tag  diaory  at  an  aiva«igaMng  tod. 
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To  illustrate  the  theory,  the  concrete  example  ot  a  hydrogen/oxygen  thrust  chamber  was  ccnsldeiid.  It  was  shown  the 
theory  enables  a  satisfactory  Interpretation  of  the  experimentally  observed  instability  processes. 
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EFFETS  DES INSTABILITES  DE  BASSE  FREQUENCE 
SUR  LE  FONCTIONNEMENT  DES  PRISES  D’AIR  DE  STATOREACTEUR 

par 

C.Sans 

Office  National  d'Etudes  et  de  Recherches  Aerospatiales 
Boite  Postal  No.72, 92322  Chatillon  CEDEX 
France 


man 


La  propulsion  par  etatortacteur  **t  un  toyan  ldtal  pour  certrini  typas  da  nltallaa  de  aoyenne  et  longue 
port**.  Ce  type  de  noteur  fait  apparaltre,  tout  oertalnei  condition!,  det  inatabilitda  gdndrdet  par  la 
chaabre  de  coabuation.  Pour  certainea  gdoadtriea,  det  batata  frdqutncaa  tout  dnitet. 


Le  probltae  pot*  comitta  done  4  (avoir  ti  cellat-ci  pauvant  aodifiar  let  perlornancat  det  pritet  d'air. 

Set  ettalt  realist*  4  Mach  2,0  tur  une  print  d’air  circulaire  pernattent  grica  4  un  aysttau  atcinique  de 
rdalittr  det  fluctuations  de  preition  iaportastet  ijdea  frdquencet  variant  entra  0  et  200  Hz. 


Let  principau*  rdtultata  de  cette  etude  aontrent  qt/t  let  inatebilltda  engendrdet  ne  diet enchant  pat  le 
poeptqe  de  le  prite  d'air,  taut  pour  det  rdgitet  de  lonctionneaent  tr*t  tuberitiquea.  Le  pitge  4  couobe 
Unite  interne  ettdnue  tr4a  nettenent  let  fluctuation!  de  prettion. 


imufiz 


taajet  propultioe  bat  proven  to  be  very  efiicient  at  leait  ter  tone  typet  of  aittile  and  especially  tor 
internodiate  or  loot  range  nittilea.  Hcvever  lattabllitiet  can  be  generated  la  tut  coebuition  ebanber 
under  particular  flight  teat  conditions.  Depending  on  the  geoaetry,  lo*  frequency  iattabllitlea  can  occur. 


It  it  necessary  te  Use  the  influence  et  these  lee  frequency  instabilities  on  the  inlet  perloraance. 

In  order  to  leeeetigite  thin  problte,  teete  hive  been  eerried  out  on  na  uyiyaaetrie  inlet  equipped  eithe 
Mchealcnl  device  preriding  Urge  prenaure  tluctuntienn  between  0  end  200  Hs. 


The  tenth  uere  perterned  at  a  Mach  auaher  of  I. 

The  taalyaia  at  tha  raaulti  ahoea  that  the  iutehilitiee  de  aet  lead  to  the  buna  of  the  inlet  tor  ueuel 
egeretlng  coedit lees.  The  Uternal  boundary  layer  bleed  reduces  drastically  the  pressure  tluctuatioaa. 


U  preguUieu  par  etatnrdaeteur  eat  un  noyaa  idial  pour  certaiu  types  de  niaeile  de  ecyeaae  et  longue 
gurtde. 


Ce  type  de  noteur  pent  laiseer  apparaltre  eeut  certainea  cenditinna  dan  inntahiUtda  da  haaae  frequence 
gdndrdei  par  U  chanhre  de  cenhnstlon. 


g 


L'aapbtiatce  etquine,  nentre  qn'nn  general,  ce*  hastes  frequences  sent  veieiaai  de  too  4  200  »t.  gu'elles 
ne  neslfeeteet  KUclpalenent  4  has  aaabte  da  had,  pat  tenpa  (raid  et  pauvaat  atteiadre  dan  aapUtudee 
praches  te  20  4,  came  it  nentre  lee  diegraantt  da  U  figure  1. 


Ii  eon  perturbation*  teat  taper  teat  an,  a*  peut  pester  gu'ellte  peuveet  aedttier  le  ceaportenaat  dee  priatt 
d'air  ea  ilalaaeat  U  rieiiaiit  m  atn,  data  tarUia*  cat  pc*f*quu  la  diaaeerqape  et  le  peepage. 
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L'OHEKA  &  dtveloppA  det  aoyens  d'essaii  ;  lea  rAsultats  prAaent As  sont  ceux  obtenus  lora  des  easels  de  ces 
dersidres  annAes. 


2  -  KTUDI  HILIHIMIM  -  HIK  E'lIK  BlBIHBUIOMXU.t 


Use  preaiAre  Atude  a  At A  effectuAe  avec  use  maquette  de  prise  d'air  bidinsnsionnelle  existante,  placAe 
dans  un  Acoulement  A  un  noabre  de  Hacb  relativement  Alev A,  voisin  da  3  et  en  incidence. 


Cette  maquette  Atait  installAe  sur  la  paroi  latArale  de  la  veins  de  aesure  figure  2. 

I'Acoulement  captA  par  la  prise  d'air  eat  dAviA  vers  un  caisson  extdrieur  A  la  veine  d'essai  qui  se 
teraine  par  un  obturateur  peraettant  de  modifier  le  rdgiae  de  fonctionneaent  de  la  prise  d'air  et  Agale- 
aent  de  assurer  le  dAbit. 


C e  caisson  est  pourvu  d'un  haut-parleur  pneuaatique  qui  a  AtA  cboisi  comae  moyen  d'exeitation  de  l'Acou- 
leaent.  Celui-ci,  coaae  le  aontre  la  figure  3  prAsente  une  plage  d'Anergie  aaxiaale  entre  300  et  1000  Hz 
qui  correspond  A  environ  120  db  A  la  pression  atmosphdrique. 


Ce  aoyen  d'essai,  Men  que  sAduiaant,  prAiestait  toutefois  quelques  inconvAnients  : 

-  en  preaier  lieu,  le  dAbit  d'air  nAcessaire  au  fonctionneaent  du  baut-parleur  devait  Atre  soustrait, 
aprAs  assure, du  dAbit  global. 

-  la  pression  du  caisson  Atant  relativeaent  faible,  lea  perforaances  du  haut-parleur  Ataient  dininuAes 
d'autant  ; 

-  la  gaaae  de  frAquence  correspondent  A  l'Anergle  aaxiaale  Atait  trop  AlerAe. 


HalgrA  ces  inconvAnients,  de  noabreuses  assures  ont  pu  Atre  effectuAes  pour  diffdrents  points  de  fonction¬ 
neaent  de  la  priae  d'air,  du  rdgiae  supercritique  au  rdgiae  subcritique. 


Pans  aucun  des  cas,  lea  fluctuations  de  pression  engendrAes  A  l'aval,  dans  le  caisson,  n'ont  provoquA  un 
poapage  de  la  prise  d'air. 

A  titre  d'exeaple,  on  a  reprodult  sur  la  figure  4,  les  signsux  obtenus  pour  diffdrents  capteurs  situda 
entre  le  point  d'Aaission  et  le  plan  d’entrAe  de  la  prise  d'air.  La  zone  sombre  reprAsente  la  diff Arence 
entre  lea  configurations  avec  et  sans  instabilitds. 

On  reaarque  l'ettAnue.ion  progressive  de  la  perturbation  aval,  lorsque  l'on  se  dAplace  vers  l'amont.  Sur 
les  capteurs  n*  1  et  n°2,  on  observe  l'apperition  A  des  frAquences  plus  faibles  d'une  nouvelle  pertur¬ 
bation  qui  correspond  A  la  proxiaitA  du  choo  de  recoapression  et  au  pidge  A  couche  liaite  dans  lequel  un 
jet  asses  turbulent  eslste. 


Ces  rAsultats  ne  peraettant  pas  de  conclure  dAfinitivenent  sur  le  blen-fondA  du  probldae,  ceci  en  partie 
A  oauee  du  systAae  gdndrateur  d'instabilitds  qui  conduit  A  des  op  trop  faibles,  A  sa  frAquence  d'utili- 
sation  trop  41ev4e>  alnsi  qu'A  oause  de  l'Aquipeaent  trop  restreint  de  la  prise  d'air,  une  nouvelle  sdrie 
d'essais  a  AtA  ddoidAe. 


1  ~  wm»l  Ml  I1U1I  -.HmM'MIi.ilKMlH 


four  siapliUer  le  probldae  et  pour  se  aettre  dans  Its  conditions  lea  plus  favorables,  11  a  AtA  dAcidA  de 
reprendre  ces  essaia  avec  une  prise  d'air  oiroulairt.  Celles-oi  soot,  en  gdnAral,  prAsentAes  coaae 
netteaeat  plus  ineiables. 


De  adae.  pour  raster  dans  le  doaaine  incrisinA,  le  noabre  de  Knob  de  2,0  a  AtA  cboisi. 


).»L.frdA»attliss-4iJtoalU.e 


La  figure  I  prAsente  ee  nouveau  montage,  qui  va  Atre  AAteillA  ensuite. 

be  princlpe  de  base  rente  le  aAae  que  prAcAdeaaent  t  l'Acouleaent  captA  par  la  prise  d’air  passe,  aprAs 
un  coude  de  liaison,  dans  un  caisson  extdrieur  A  la  veine  d’essai.  Celui-ci  se  teraine  par  un  obturateur 
assuraat  deux  functions  t 
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-  1*  variation  du  rdgine  da  fonctionnaaant  d*  la  prize  d'air, 

-  la  aaaura  du  ddbit  aprda  un  tarage  du  eol. 

La  partia  arridre  da  la  naquette,  au  niveau  du  coude  a  dt*  aadnagde  pout  y  iaatallar  un  nouveau  gdnd- 
rataur  d’lnatabllitda  da  typa  adcanique. 

La  naquette  propreaent  dita  eat  prdaantda  aur  la  tlgura  6. 


A  l'aaont,  aa  trouva  la  ptiae  d'air  circulaire  d  points  coniquo  qui  paut  prendre  deux  configurationa 
gdondtriquea  dlatlnctaa  arac  ou  aana  pldga  d  coucha  Unite  Interna.  Ilia  eat  auivie  d'una  aanchette  inter¬ 
changeable  qui  peraat  d'effectuer,  au  choix,  dat  aaauraa  stationnairas  ou  inatationnaires . 


A  l'aval,  on  trouva  la  coude,  andnagd  pour  qu'une  partia  da  l'doouleaent  paaaa  par  un  col  aoniqua  auxi- 
liaira. 


Ca  diapoaitif  eat  ddfini  aur  la  figure  7  qui  aontra  lea  divara  dldnenta  conatitutifa  du  ayatdna. 

Celui-ci  comprand,  aprda  la  ddrivation  : 

-  la  col  aoniqua  auxiliaire  interchangeable  an  forma  da  lunula, 

-  un  dlaque  perford  par  deux  luaidrea  dont  la  rotation  eat  aaaurde  par  un  noteur  dlectrique. 

Cette  rotation  ddtaraina  laa  frdquencea  de  fluctuation  da  ddbit  cotpriaea  antra  qualquea  hertz  at  200  Hz 
naxinun. 

La  forne  da  la  lunula  aaaura  daa  fluctuationa  da  typa  ainuaoldal,  aa  taille  autoriaa  dea  ap  plua  ou  aoina 
inportanta. 


3.2,  Movana  de  neaura 


Lea  aaauraa  aont  principalanent  regroupdea  dana  deux  zonaa  bian  diatinctea  : 

-  la  preaiAre  correzpond  d  la  priaa  d'air,  figure  8.  Lea  aaauraa  da  la  preaaion  paridtale  aont  effectudea 
aur  la  profil  interna  da  la  cardna  at  aur  la  corpa  central.  Conae  noua  la  varrona  ultdrieurenent,  cat 
dquipanant  aaaez  coaplet  parnat  d'astinar  la  poaition  du  choc  interna  pour  cheque  point  da  fonction¬ 
naaant  at  da  connaitra  laa  ddplacaaanta  da  ca  choc  an  prdaance  dat  inatabilitda  de  preaaion  engendrdea 
d  l'aval  i 

•  la  dauxidaa  xona  eat  aitude  dana  la  plan  appald  "fin  da  diffuatur"  dana  laqual  on  caractdrlaa  la 
fonctionnaaant  da  la  priaa  d'air.  C'aat  dana  ca  plan  qua  aont  ealculda  laa  coafficianta  da  ddbit  at 
aurtout  l'efficacitd  da  la  priaa  d'air.  La  figure  9  iliuatra  laa  noyana  utiliada,  tent  atationnairaa 
qu ' inatat ionnairaa . 


3.3.  Idiultata  atationnairaa 


Lora  da  can  aaaaia,  on  a'aat  d'abord  attachd  d  caraotdriaar  la  prize  d'air  dana  tout  non  doaaina  da 
fonotionnanent  pour  laa  daux  configurationa,  avac  at  aana  pidga  interna. 


Lea  rdaultata  obtanua  aont  prdaantda  aur  la  figure  10.  Laa  courbaa  caractdriatiquea  aontrant  bian  1'intd- 
rdt  da  la  configuration  avao  pidga  d  coucha  linite  interna  qui  parnat  d'augiantar  aanalblanant  1'effi- 
cacitd  au  prix,  il  eat  vrai,  d'una  parte  da  ddbit  ,  naia  celle-oi  paut-dtra  coapanada  par  una  ldgdra 
augaantation  do  la  aaotion  d'entrde. 


L'utiliaation  da  la  coapoaanta  continue  daa  aaauraa  inatetionnairea  effectudea  aur  la  corpa  central  at 
la  cardna  peraat  d'obtenir,  pour  chaque  point  de  fonetionneaent  repdrd  aur  le  caraotdriatique,  la  rdper- 
tltion  daa  preaaiont  intarnaa  oorreapondantaa,  figure  U. 


Cea  tracda,  outre  la  coaprdhenaion  da  1'dcoulaaant  interna  renaeighent,  avac  plua  ou  aoina  da  prdciaioa 
aelon  lea  cea,  aur  la  poaition  du  choc  da  recoapreaaioa. 


Caci  noua  andne  d  le  figure  12  qui  prdaenta,  pour  laa  configurationa  nvec  at  anna  pidga  interna,  laa 
courbaa  relatlvea  au  ddplnceaent  du  choc  at  donna  I'atfioneltd  corraapondante. 
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Os  peut  roaarqucr  : 

-  que  la  lltite  de  poapage  eat  obtenue  pour  la  aiae  poaltion  longitudinal*  du  choc  aur  la  cine  i  l'aaont 
de  la  car due,  quelle  que  aoit  la  configuration. 

Ceci  eat  logique,  ai  l'on  adaet  qu'une  dea  cauaea  connuea  du  didencheaent  du  poapage  eat  l'ingeation 
par  la  priae  d'air  de  la  ligne  de  gliaaaaent  forade  par  la  rencontre  du  choc  droit  et  du  choc  conique 
iaau  de  la  pointe. 

-  que  dana  la  phaae  de  fonctionneaent  critique,  lea  ddbatteaenta  longitudinaux  aont  plua  faiblea  dana  la 
configuration  avec  pidge  ou  l'on  observe  uoe  augaentation  aenaible  de  l'efficacitd  loraque  le  choc  ae 
troure  aitud  au  niveau  du  pidge  interne. 

-  que  lea  poaitiona  du  choc  aont  dquivalentea,  d  adae  efficacitd,  dana  tout  le  doaaine  aupercritique. 


3.4.  Rdaultata  instatlonnairea 


he  fonctionneaent  de  la  priae  d'air,  aant  inatabilitds  forcdea  dtant  aaintenant  bien  connu,  noua  allona 
dana  cette  deuxidae  partie  aborder  la  phaae  inatationnaire  de  cea  eaaaia,  et  tout  d'abord  caractdriaer  d 
son  tour  le  ayatdae  gdndrateur  d'instabilitds. 


Sur  la  figure  13,  on  a  reporti  las  points  de  fonctionneaents  obtenus  avec  les  deux  lunulos  (col  auxi- 
liaire)  pour  dcs  positions  de  cellea-ci  aoit  grande  ouverte,  aoit  ferade  et  ceci  pour  diffdrentes  posi¬ 
tions  fixes  de  l'obturateur  principal. 


Lea  points  de  fonctionneaent  choisia,  dana  cet  exenple,  au  noabre  de  3,  ont  dtd  deterainda  pour  obtenir 
trois  zones  :  l'une  en  aupercritique  d  partir  du  point  n*l,  l'autre  procbe  du  point  critique  et  le 
troisidne  pour  donner  en  position  ferade  de  la  lunula,  un  point  de  fonctionneaent  le  plus  proche  possible 
du  poapage.  L'aaplitude  obtenue  est  bien  sCtr  ddpendante  de  la  taille  de  la  lunule  utilisde. 


Lea  sections  dea  lunulea  reprdsentent  14  et  17, S  %  de  la  section  d'entrde  Al,  ce  qui  entrain,:  dea  ddbat¬ 
teaenta  aaxiaaux  de  1‘ordre  de  30  t  de  l'efficacitd. 


Les  courbes  de  la  figure  14  sont  un  exeaple  dea  signaux  teaporels  obtenus  au  aoyen  dea  capteurs  installds 
sur  les  parois  du  corps  central  et  de  la  cardne. 


A  l'aval,  d'autres  capteurs  peraettent  la  assure  de  la  preasion  statique  et  de  la  pression  d'arrdt  aoyenne 
en  fin  de  diffuseur  et  dgaleaent  d'obtenir  une  rdfdrence  proche  du  gdndrateur  d'instabilitds  (pv). 


Sur  les  tracda,  lea  niveaux  dea  prise*  1  et  i  aontrent  qua  l'dcouleaent  au  droit  de  cea  priaea  est  encore 
superaonique  et,  le  tracd  trds  plat,  que  let  fluctuations  tngendrdtt  d  l'aval  sont  bloqudes  par  le  choc. 
On  peut  netteaent  voir  pasaer  celui-ci  sur  les  prises  n®3,  n*4  at  n*5,  lea  pretsioat  correapondant 
alternativaaant  aoit  d  un  dcouleaant  superaonique  soit  d  un  dcouleaent  aubtonique. 


Las  niveaux  de  prassion  de*  prisat  n*  S  d  12  indiquent  par  contre  que  celles-ci  sont  toujour*  situdes 
dans  un  dcouleaent  subsoniqua. 


Lorsque  l'on  superpose  let  fluctuations  MIS  sur  let  rdpertitions  longitudinal**  det  pression*  aoyeandes, 
pour  un  point  d*  fonctionneaent  et  un*  frdqucac*  donate,  on  obtient  les  courbes  de  la  figure  lb. 


Pour  1 'exeaple  ehoisi,  on  reaarqu*  que  t 


-  *n  subcritiqu*  (ion*  A  d*  la  ceurb*  caractdristique) ,  let  fluctuation*  aaxiaalet  sont  obtenue*  sur  let 
preaidret  prises,  juste  d  proxinitd  du  choc  d*  reconpretsioa,  la  prise  a*l  bien  que  toujour*  en  super- 
toniqu*  est  la  plus  interactienad*.  Aueua  poapage  n'est  ddceld. 

-  en  supercritiqu*  (ton*  t  d*  la  courbe  caractdristique) ,  1*  aaxinua  est  ddcald  et  situd  aur  les  prises 
n*l  et  «'),  od  t*  trouv*  1*  choc  Urniaal  pour  ce  point  d*  foactloaavaeat,  u  taux  d*  Ml  baits*  rapi- 
deaent  d  l'aaont  du  choc.  Lea  fluctuations  obtervdea,  dana  la  soa*  correspondent  A  un  dcouleetat  super- 
tool que,  indiquaut  quo  la  choc  provoqu*  un  ddeollanant  da  la  couch*  Unit*  qui  s' eat  ddveloppd*  aur  le 
eorpa  central. 


Ceci  noua  aadu*  d  la  coeparaiaoe  das  taux  de  INS  pour  let  diui  coafiguratioas  avec  et  aaas  pidge  inter**. 
Un  nxnnplt  eat  prdmntd  figurn  It  pour  du*  inaction* (Mats  dquivaleata  et  procbe*  du  rdgia*  critique. 

be  taux  da  fluctuation,  duna  1*  configuration  saaa  plage  eat  aetteaent  glut  dltvd  au  pastag*  du  choc  de 
raneepreMina  et  plus  faibl*  d  l'aval  da  ealui-ci. 
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U  pit?*  qui  stabilis*  1*  choc  joue  done  dgalsaaat  un  rtl#  *n  diainuant  1*  pie  da  1IU  at  *n  dtalant  1* 
processus. 


lorsqus  e«»  ataas  raltur*  d«  IKS  loot  tract**,  figure  17,  an  fonction  d*  la  frequence  das  inatabilitda,  on 
obtarr*  la  ataa  dtealaga  antra  la*  dtux  configurations,  *»*e  an  plus  una  aaplification  du  pbtnoatna  pour 
une  frtquanc*  procha  da  100  Bx.  Calla-ci  correspond  k  ua  eouplaga  aiae  la  frtquanca  fondaaantala  du 
conduit.  Calui-ei  a'a  janats  dtclaaobt  la  poapaga,  aai*  il  sat  bian  taidaat  qua  l'on  a  inttrtt  t  ivittr 
catt*  difficultt  si  l'on  connait  par  nillaurs  las  frtquaneaa  taisas  par  la  coabustioa.  II  pourrait  done 
ttra  judiciaux  soit  da  aodifiar  la  rtglaga  du  aotaur  (an  dtplagaat  par  axaapla  las  iajactaurs)  soit  da 
prdvoir  ua*  longuaur  da  aaacba  k  air  difftraatas  pour  daitar  tout  eouplaga  intaapastif . 


Laa  courbas  at  sehtaas  da*  figures  18  at  19  prtaaatent  la  syntbtaa  da  cas  rtsultats  pour  las  daux  confi¬ 
gurations  ttuditas. 


Ellas  ragroupont  las  indication  da  positianaeaent  du  choc  obteauas  an  statioanaira.  auac  l'eflicacitt 
correspondent*. 

Ellas  indiquant,  pour  ua  col  auxiliair*  donnt,  las  tcarts  rtalists  an  statiqu*. 

Ellas  donnant  anlin,  pour  difftraatas  frtquaacas,  la*  dtbattaaaats  du  choc  at  laa  tcarts  d’atficacitt 
corraspondants. 


On  paut  notar  qua  las  aalaur*  d'atficacitt  saablant  toujour*  plus  faibla*  qua  call**  obtanuaa  an  stati¬ 
qu*  t  an  fait  las  tcarts  obsarat*  na  soat  pas  atcaasairaaaat  sigaiticatifs. 


Us  prtcision*  obtanuas  tant  sur  la  position  das  chocs  qua  sur  1*  randaaaat  pauvaat  ttra  la  causa  da 
caux-ci . 

Dans  la  configuration  sans  pitg*  intaraa,  figure  It,  on  paut  rtaarquar  qua  t 

-  las  dtplacasants  du  cboc  (quail*  qua  soit  la  ftdquaaca  coapria*  antra  10  at  100  Kt)  soot  aoins  ttaadua 
an  iastatioaoair*  at  n'sttaigaant  jaaaia  las  lisitai  statioanaira*. 


11  taut  tgalaaant  dir*  qua  si  an  statioanaira.  on  obtiaat  das  tluetuatioos  da  prasaion  da  l'ordra  do 
20  %,  callas-ci  toabaat  rapidaaant  t  ua  niasau  baaucoup  plus  faibla  as  iastatiaanaira,  priacipalaaant  t 
causa  du  coatfieiaat  da  strictioa  du  eol  auxiliair*.  11  ast  doae  aortal  qua  las  assures  da  l'atticacitd 
aoiaat  tgalaaaat  coaptitai  dam  la  lout  chat  ta  atatioaaair*.  lUaa  a  oat  twstaiola  aaaat  coaparablaa  aus 
rtaultata  qua  l'on  aurait  ddduita  da  la  poaiiioa  atatioaasira  du  choc,  aus  raoarqustprt*.  fait**  prtet- 
d*u*at  *ur  la  prdciaioa. 


ta  auparcritiqua,  la  tdbattaoaat  tat  cantrt  aur  la  tea*  atatioaaair*. 

U  iubcritiqu*.  par  coatr*.  In  dtb*tt*M*t*  du  cboc  a  oat  ptoebta  da  la  ponitinr  la  plua  fl*  tacit. 

Pour  la  coaliguratioa  a«ac  pitta  iattraa,  tigur*  It,  Ua  ataa*  rtaarquaa  gtatralaa  pauvaat  ttra  faitaa. 
■ait  daa  titttmcaa  tataiblaa  asiatut  i 

-  aa  atatioaaair*,  la  *it«ia*  dt  ddplaetMtt  du  cboc  ta  suit  pa*  w  lot  eottiaut. 

-  aa  iaatatioaaaira,  pour  la  rtgia*  iubcritiqu*,  laa  dtbattaoaata  du  cboc,  pour  touts*  las  trtquaacaa 
d'taaaii,  a*  foot  data  1*  tot*  oval  do  It  plag*  ttauoaaair*. 


bo  pitg*  iatara*  a  dote  daux  taaetiau  priaordiaios  qui  tout  t 
•  raodUaratlon  da  r*ftiei«ltd. 

-  1‘aaortisaaoaat  at  roftat  taapoo  *l*-d-»l*  daa  lutabilitdo  aval. 


Par  aiUauts,  la  eauebo  lloita  ttaat  ooiaa  tpaisa*  aur  is  carp*  casual,  las  uitrotuao*  at  #ooe  1*  taua 
da  MU  oat  plus  faibla  ax  droit  du  cboc  da  tertopratalaa. 


Pot  naturae  out  at*  at  ft*  tut**  paafaot  ua  *y*l*  d*  ptapap*.  talui-ci  a  dtt  abtaa*  ta  tsrbtirbtn  aw 
paaltiaa  da  1' attar a tear  principal  tuffisuaatt  font*  pour  it  pmoqaar.  k*  frtquaira  dt  to  poapapa  pout 
dtt*  ootalta  a*  totetiao  do  la  pttititt  4*  i'obturntaar  juoqu't  its  ttlowt  trt*  baaaat  (t  a  0,9  is) 
coop*  1*  ototrt  io  flpw*  too.  Cat  poioU  to  tarraspaotoat  pa*  t  ua  faarttaaosoast  aabiual  da  it  prtaa 
d‘air,  Mit  lour  lttdrdt  rtatta  dans  la  fait  qu'llt  patoattaat  d'abtaou  loop  Up  rdfiooo  do  faomao- 
oootot  paodaot  no  cpclo  d*  poopapo. 
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Ca  diraiar  «•  ddcoapoia  m  troi*  piuu  t 


-  dial  u*  prastitr  tamps,  4  partir  d'vai  poaitioa  ttibli  da  choc  I  l'aaoot  da  1*  c*r*ni,  dim  ua  foectioo- 
nimnt  trds  auberitlqut,  o»  tiiliti  k  ua  aaorqs«a  trda  rapid*,  ua*  frdquanca  d»  2000  la  apparitt  lion 
Uigur*  200) .  La  aitasa*  d*  ddplaeaaaat  du  choc  n>  alor*  d*  1,7  a/i  ; 

•  aaaalt*,  paadtat  qualqua*  fraction  da  tacoada*.  l'icoulaaaat  aat  trda  ttahla  adac  dial  n  parti* 
aubaoaigi*  ; 

-  aafia,  oa  aaalata  4  ua  ddnaorgaga  a»*e  da*  ilgaaaa  da  aouratu  plus  partorMa,  la  choc  *a  dip  la  cut 
alors  4  0,4  ay*  pour  rapraadra  a*  posit loo  priaitir*. 


Fandaat  c*  cycla,  la  choc  pass*  doac  da  l'aaoat  da  1*  prlsa  u*l  aur  1*  cdaa  4  la  prla*  a°9  dab*  la 
dlffusaur. 

Oa  tooa  da  la  xoa*  4  2000  lx  paraat  f igura  21  da  tui*ra  1*  posltioa  du  choc. 


t  -  anttwiai 


la  coaclualea,  il  taut  raaarguar  go*  la  dauxtdaa  aoataga  utlliad  pour  crdar  las  imtahllltda  at  2* 
taehalgp*  d'aasal  loot  alaux  adapts*  au  hut  racharehd,  qua  la*  frdquauca*  d'aacitatioa  corraapoadaiaot 
hi**  au  problta*  pea*,  aai*  q»*  par  eoatre,  bi*a  qua  laa  dittiraacas  d*  protaioa  ohtsauaa  «*  atatiooaair* 
■oi*at  trd*  Slcrdaa  (eauiroa  20  %),  1**  fluctuatioa*  da  prassioa  rdaliataa.  taat  aa  atatiqua  qu'aa  praa- 
alo*  d'arrdt  as  11*  dc  diffuaaur  rastaat  ralativsaaat  f lihlia,  adaa  pour  da*  trdqucacas  trda  haaaas. 


u*a  aoahraux  aataqistraaaata  aitactuis  oat  paraU  d'approloadir  U  foMtioaaeaaat  da  U  prlsa  d'air  pour 
d«u»  cootiguratioas  fdoodtriquaa  iatcrsaa  i  daa*  1*  gaaaa  das  iruquatcti*  rdaliad**.  1*  pospaja  d*  la 
pria*  d'air  a1*  Jamais  *t*  ddclsach*  pour  1**  point!  da  fo«ctio«Bta**t  hahltual*.  1*  choc  ayaat  alor* 
taudaaca  4  •*  ddplacar  astra  la*  harms  da*  rdgiao*  statioaaaira*  tut  aucusa  aapliticatioa. 


La  mul  polat  itoi‘-M*.  ad  ua*  auftautation  du  aiaaau  daa  tluctuatioaa  a  ltd  aatrauua  corraapoad  4  la 
trdquasca  propra  du  cokduit. 

U  pid«a  iataraa  qut  liaita  d'uaa  figaa  iapormta  la  ddplaeaaaat  da  choc  da  racauraaalaa  aat  d'uaa 
utltitd  dvtdaata  daa*  1*  atahllitd  da  rdCMilaaa*t . 

>1  t*«t  toutalaia  »•  acliar  t  Ua  rdaultata  ohtaaua  aur  cat  to  priaa  d'air  *a  scat  paa  nhUgttoiraaaat  at 
diractaaaat  traaapaaibiaa  4  d'autraa  priaat  4‘ait  *4aa  at  raiUvci  teat  eirtulairaa.  li  taut  au  prdalahl* 
s  aaaurar  qua  las  drsuUmta  iitmta  aoat  «a*»*r*h)as  s  c'aat-4-dira  ado*  aoahr*  da  dart  daaaat  %•  choc 
droit,  tal  da  aaetiut  rlnUtia,  paalUo*  at  tar**  du  pidgs  aaaloqua  »  sat  tMlitiou  a*  toot  paa 
raopllat.  la*  rdaultata  prdcddaata  *a  aoat  uultaahlaa  qu'aaac  la  plus  triads  ptudaaca. 


<uvx 

-t«Wf  *M**ttV«*$» 
■»**«>•*  t««M*  - 
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RECENT  DEVELOPMENTS  IN  RAMJET  PRESSURE  OSCILLATION  TECHNOLOGY 

by 

P.  A.  Chun,  J.  A.  Loundagin,  J.  A.  Niblty,  S.  E.  Ayler 
Airbreathing  Propulsion  Branoh 
Naval  Weapons  Center 
China  Lake,  California,  93555-6001 


SUMMARY 

Dynamic  natohing  of  a  supersonio  inlet  and  oombustor  is  a  major  consideration  in 
ramjet  propulsion  development.  The  inlet  shook  system  present  under  supersonio  speeds 
must  be  kept  stable  under  all  engine  operating  conditions.  An  unstable  shook  system 
could  result  in  inlet  unstart  and/or  busz  and  undesirable  pressure  oscillations  in  the 
ramjet  engine.  To  date,  there  is  no  technique  for  determining  if  a  particular  ramjet 
engine  configuration  will  have  oombustion-induoed  pressure  osoillations. 

This  paper  summarises  ourrent  experimental  and  theoretical  techniques  applied  to 
the  characterisation  of  liquid  fuel  ramjet  combustors.  Comparisons  between  steady- 
state  and  dynamic  data  are  provided  to  show  how  both  types  of  information  are  used  to 
interpret  engine  behavior. 

LIST  OF  SYMBOLS 

APTF  Airbreathing  Propulsion  Test  Facility 

A3  Combustor  chamber  flow  area 

A;  Exit  nossle  flow  area 

F/A  Fuel-to-alr 

FH  Frequency  modulation 

CNa  Gaseous  nitrogen 

IR1G  Inter-Range  Instrumentation  Group 

LVDT  Linear  voltage  displacement  transducer 

NWC  Naval  Weapons  Center 

PF1  Fuel  oontrol  valve  inlet  statio  pressure 

Pi, 5k  Inlet  statio  pressure  at  looation  1.5d»  pais 

1 1.72  Diffuser  static  pressure  at  looation  1.72,  psia 

Rk.it  Combustor  statio  pressure  at  looation  M.t,  pals 

RMS  Root  mean  square 

WF1  Flowmeter 

INTRODUCTION 

Depending  upon  the  frequency  and  amplitude,  an  unstable  inlet  shook  system  could 
not  only  affeet  the  Inlet  performance  and  sariin.  but  also  could  have  a  detriaentsl 
afreet  on  the  oombustor  thermal  protection  system  and  the  guidance  ant  control 
components.  Although  no  technique  la  eurrently  available  to  determine  if  a  particular 
ramjet  configuration  will  be  susceptible  to  eombuetlon-induccd  pressure  oscillations, 
work  summarised  In  Reference  1  has  shewn  that  oscillations  depend  on  a  number  of 
factors,  Including  F/A  ratio,  temperatures,  pressures,  and  ceometriae.  Data  insteata 
that  the  amplitude  of  the  oscillations  inereetea  as  the  fuel-to-alr  ratio  increases  up 
to  the  atolehiometrie  value.  Some  correlation  has  been  eeen  between  higher  amplitude 
oscillations  and  lower  inlet  temperatures  and  pressures.  The  frequencies  of  the 
oscillations  increase  with  both  F/A  ratio  and  inlet  temperature.  Data,  however,  are 
still  incomplete  since  fuel  management,  fuel  injection  system,  and  fismehoider 
responses  have  not  been  established. 

This  paper  discusses  techniques  and  results  of  both  steady-state  ana  dynamic 
measurements  for  characterising  the  stability  of  a  ramjet  combustor. 


these  results  were  obtained  during  three  series  of  experimental  investigations  of  a 
small-diameter  (epproaimately  8  inches)  center-dump  combustor.  Testing  was 
accomplished  at  NWC  using  the  T-Range  high-pressure  air  facility  and  the  Airbreathing 
Propulsion  Test  Facility  tAPTP),  Rased  on  previous  tests  of  similar  angina 
configurations,  low-frequtaey  longitudinal  mode  pressure  oscillations  warm  anticipated 

Approved  for  public  release!  distribution  la  unlimited. 


9-2 


in  this  oombustor.  These  did  not  ooeur.  However,  the  combustor  exhibited  pressure 
oscillations  tentatively  identified  as  tangential  or  "screech"  mode  combustion 
instabilities.  These  instabilities,  at  a  frequency  of  approximately  2000  hertx,  did 
not  degrade  the  overall  oombustor  performance.  However,  there  was  concern  that  the 
vibrations  due  to  the  combustion  instabilities  could  have  a  detrimental  effect  on  the 
guidance  and  control  components  of  a  missile.  The  three  series  of  technology 
investigation  tests  and  experiments  provided  a  follow-on  to  the  original  oombustor 
baseline  development!  they  were  designed  to  characterise  the  oombustor  flow,  identify 
modes  of  instability,  and  evaluate  methods  for  suppressing  the  instabilities.  During 
these  tests  and  evaluations  it  was  apparent  that  great  care  had  to  be  taken  in 
obtaining  and  evaluating  high-frequency  response  pressure  data. 

TEST  CONFIGURATIONS  AND  PROCEDURES 

The  baseline  combustor  configuration  shown  in  Figures  1  and  2  was  tested  in  a 
direct-conneot,  or  oonneoted  pipe,  mode.  Figure  1  is  the  horiaontal  configuration 
tested  at  the  NSC  T-Range  facility,  and  Figure  2  is  the  vertical  configuration  tested 
at  the  NNC  APTF.  The  thick  walled  oombustor  oase  allowed  a  "heat  sink"  mode  of  testing 
with  typical  combustion  run  times  of  approximately  one  minute.  The  configuration  used 
one  two-dimensional  inlet,  which  transitions  to  a  circular  oross  seotion,  that  dumps 
into  the  combustor.  During  the  testing,  heated  air  simulating  the  desired  flight  Mach 
number  and  altitude  conditions  entered  a  plenum  chamber  prior  to  being  supplied  to  the 
engine  through  a  direot-oonnect  inlet. 


ST.S  -21.  S  0  ’«J 

I  ■—  'I  - - I-  — . .  \ 

SCAIE.  INCHES 


STATION  VOCATIONS 


Figure  1.  HoriaonUl  Configuration  for  Direct  Connect 
or  Cocaecled  Pipe  Combustor  Teat  Setup. 


A*  standard  test  procedure,  the  faculty  air  was  heated  in  a  propane  burner  during 
the  T-ftange  teste  end  in  t  hydrogen-fueled  burner  during  the  ART?  tests.  Oxygen  was 
then  added  to  establish  the  appropriate  oxygen  mass  fraction  to  the  sir,  the  ramjet 
fuel  flow  rate  was  next  aet  to  glee  the  required  equivalence  ratio,  and  the  mixture  was 
ignited  with  an  HgSO?  torch,  AfUr  ignition,  the  fuel  flow  waa  swept  over  the  desired 
range  of  fwal-totlr  ratios, 

imltt 

The  connected  pipe  inlet  section  included  the  bypass  air  slot,  as  shown  in  Figures 
l  and  The  amount  of  air  aetwally  pasting  through  the  bypasa  slot  was  not  measured 
directly.  Instead,  the  airflow  entering  the  eombwetor  was  estimated  using  a 
correlation  of  Inlet  static  measurements  at  station  1,$*  me  bypass  airflow 
wss  computed  as  the  difference  between  the  tout  airflow  enuring  the  plenum  end  the 
airflow  entering  the  combustor. 
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Naur*  2.  Vertical  Configuration  for 
Dlreet-Connaot  or  Conneoted-Flpe 
Coabustor  Taat  Setup. 


Fuel  System 

Fl|ure  3  la  a  echesatie  of  the  fuel  ayetta  hardware  uaad  In  the  coabuator  teata  at 
the  T- Range  facility.  aj-H  fuel  cmild  be  S»l ivat'-id  to  the  engine  froa  either  of  two 
fuel  eupply  veeeela.  One  vassal  waa  the  atandard  facility  fuel  tank  preaaurictd  by 
eoapreaeed  nitrogen,  end  the  other  waa  a  J-f t3  expulsion  cylinder  preaauriaad  by  fuel 
froa  the  faoillty  fuel  tank.  Thia  dual  aupply  ayatea  waa  uaad  to  Inveatigate  the 
effecta  of  dissolved  nitrogen  In  the  fuel  on  engine  performance.  hJ-k  fuel  preaauriaad 
directly  by  nitrogen  ean  contain  gaa  in  aoluttoh-up  to  153  by  voluae-aeauured  at  tho 
eondlttona  of  the  eolutlon.  It  waa  theoriaed  that,  when  fuel  preaaure  waa  deereaaed 
downatreaa  of  the  fuel  control  valve.  large  voluaea  of  gas  would  eyoiya  froa  the 
aaturated  fuel  and  eauae  uneven  fuel  flow  through  the  fuel  Injectors.  Fuel  auppltcd  by 
the  expuleion  cylinder  wee  driven  by  a  free-floating  piston  end  was  devoid  of  dissolved 
nitrogen,  frellalnary  analysis  of  engine  perforaanee  using  the  two  fuel  eupply  veaaela 
has  shown  no  difference  in  operation  between  nitrogen-rich  and  nitrogen-rree  fuel. 

Froa  tha  aupply  vessel,  the  fuel  was  directed  through  a  flightweight  type  fuel 
control  valve,  which  watered  the  fuel  flow  rate.  The  valve  was  an  eleetroaechanical, 
eavitatlng  venturi  type,  designed  and  fabricated  by  The  Harquardt  Coapany  (THO.  It 
was  operated  either  aanually  or  automatically  froa  a  digital  electronic  fuel 
controller.  In  the  aanual  node,  the  valve  pintle  position  was  controlled  directly  via 
a  potentiometer  on  the  fuel  controller,  with  ruel  flow  rate  through  the  UF1  flowactor 
visually  monitored  for  feedback.  In  the  autoaatie  node,  preaaure  transducer  outputs 
Teem  FV.5»  In  the  inlet  diffuser  and  PFi  at  the  ruel  control  valve  inlet,  along  with  a 
desired  Tt2  ratio  cooatnd  signal  froa  a  potentiometer,  were  input  to  the  fuel 
controller  digital  computer.  The  computer  used  engine  and  valve  calibrations  to 
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Figure  3.  '-Range  Fuel  System  Hardware  Schematic. 


aaloulate  the  valve  pintle  position  for  the  desired  F/A  ratio.  An  analog  feedback 
servo  system  then  drove  the  valve  pintle  to  the  commanded  position. 

Fuel  from  the  valve  entired  the  injeotor  manifold.  It  was  distributed  to  3lx  flush 
wall  variable  area  poppet  Injeotor  nozzles  for  fuel  atomization  into  the  combustor. 

The  fuel  supply  system  used  at  the  APTF  is  shown  in  soheraatio  in  Figure  4.  It 
consisted  of  a  high-pressure  fuel  expulsion  tank  with  a  gaseous  nitrogen  pressurization 
system,  a  fuel  pressure  regulator,  a  network  of  four  parallel  onvitatlng  venturis  of 
various  sizes  w'th  remotely  operated  Annin  air-operated  on/off  valves  located  in  series 
with  each  venturi,  and  numerous  valves,  filters,  and  pressure  and  flow  rate  sensors. 
The  fuel  flow  rate  to  the  engine  was  controlled  by  the  fuel  pressure  regulator  upstream 
of  the  venturis,  and  by  the  four  Annin  valves,  whioh  dlreoted  flow  through  the  venturis 
either  singularly  or  in  various  combinations.  With  four  venturis,  a  total  of  16 
discrete  flow  watering  areas  oould  be  selected.  The  Annin  valves  were  controlled  by  a 
16-position  rotary  switch  that  commanded  flow  areas. 

Tests  were  oonduoted  by  pressurizing  the  fuel  expulsion  tank  and  setting  the  fuel 
pressure  regulator  to  a  predetermined  value.  The  initial  fuel  flow  rate  was  seleoted 
by  opening  the  desired  oomblnatlon  of  Annin  valves,  and  then  opening  the  main  fuel 
valve.  When  the  airflow  oondltiona  through  the  engine  were  stabilized  at  the  desired 
values,  fuel  flow  to  the  lnjeotors  was  initiated  by  opening  the  start  valve.  During 
the  teat,  the  F/A  ratio  was  varied  by  turning  the  rotary  switoh  to  change  the 
combination  of  vanturU  present  in  tha  fuel  meterir.g  system. 

Instrumentation 

Figures  5  through  T  show  the  available  Instrumentation  locations  on  the  test 
hardware,  Depicted  in  these  figures  ere  th*  static  pressure  and  thermocouple  looatlons 
and  tha  high-frequency  response  pressurt  transducer  looatinns.  Not  ell  of  the  high- 
frequency  preaaure  location),  ware  used  ti.  these  tests.  The  following  high-frequency 
preasura  locations  war*  used  through  thssa  two  series  of  taste*  planum,  bypass  exit, 
PK  0,0,  PK  1.2,  PK  1.5,  PA  1.72,  PA  1.75A,  PA  1.750,  PK  2.0,  PK  3.0  (rive  locations), 
PK  4.0,  and  PK  4.3.  The  water-cools-  high-frequency  transducer#  were  manufactured  by 
P0B  Pleaotrcnioa,  Ino.  (Model  124A21).  The  probes  in  tha  plenum,  bypass  exit,  PK 
MSA,  end  PK  1,750  used  the  nonresonant,  seal-infinite  tube  technique.  The  remainder 
ws'e  wall  mounted  on  the  ooubustor. 
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Figure  4*  APTF  Fuel  System  Hardware  Sohematio* 


STA  3.0  STA  4.2 


<1 


figure  5.  Location*  of  Coabustor  Veil  Thermocouples. 


the  nonresonsrtt,  seal-infinite  tub*  technique  h»»  b**n  used  to  measure  high- 
frequency  pressure  oscillation*  in  turbojet  engines  (Reference*.  2  and  3).  In  thla 
technique,  a  long  tub*  1*  used  ts  a  waveguide  for  th*  fluctuations.  Th*  tub*  is  long 
enough  that  th*  fluctuation*  dissipate  before  reaohing  th*  end.  Th*  teohnlqu*  ensures 
that  there  will  be  no  reflations  and  thu*  no  resonance.  This  aeans  that  the  acoustic 
lapedane*.  whloh  Is  th*  product  of  th*  gas  density  and  the  velocity  of  sound  divided  by 
th*  orosa-aeotlonai  area,  aust  approach  a  constant.  This  is  aoeoapllshed  by  ainlalsing 
cross-sectional  area  changes,  capeoially  at  the  pressure  transducer  Inlet  port,  and 
avoiding  najor  changes  In  th*  gas  properties. 
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Figure  6.  Locations  of  Static  Pressure  Transducers. 


Figure  7*.  Location*  of  Inlet  Hlgh-Frsquonoy-*eapon*e 
Pressure  Transducers. 


§U36  »W*t>  61*  J4  tUt» 


Figure  7b.  Locations  of  Coebuator 
High-Frequency-Maponss 
Pressure  Tranaducara. 
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Figure  8  is  s  schematic  of  the  installation  and  looation  of  the  high-frequency 
total  pressure  probes.  The  probe  at  looation  1.75  consisted  of  a  1/9-inoh-diameter 
pitot  tube  with  a  right  angle  turn  that  faced  upstream  into  the  airflow  and  was  located 
3/8  inch  into  the  airflow  from  the  diffuser  wall.  This  stainless  steel  tube  was 
attached  to  a  drilled  block  of  stainless  steel  (1  inch  by  1  inch  by  3  inohes).  To 
accomplish  this  installation,  a  0.187-inoh  hole  was  drilled  through  3  inohes  of  the 
blook.  This  hole  was  then  drilled  and  tapped  to  accept  a  l/lt-inoh  flare  fitting.  The 
0.25-inoh  stainless  steel  probe  was  then  silver  soldered  into  the  flare  fitting. 
Throughout  this  internal  flow  path,  there  could  be  no  oross-seetional  area  differing 
from  the  interior  of  the  stainless  steel  tubet  that  is,  thqre  were  to  be  no  projected 
areas.  At  the  other  end  of  the  drilled  0. 187-inoh-diameter  "hole,  a  50-foot  line  of 
stainless  steel  tubing  was  attached  with  the  end  plugged  to  provide  a  nonresonating 
chamber. 


SHB-IbNMTt 


figure  8.  installation  and  location  of  Hi gh-frequeucy-aospoAsa 
ToUl  Treasure  Probes. 


The  water-cooled  high-frequency  transducer  was  aeonted  oy  tapping  a  d.se-lfieh- 
diaaeter  by  20-thre»d-per-lneh  hole  into  the  aide  of  the  stainless  steel  btoch  at  an 
angle  of  9b  degrees  to  the  C.tM-lneh-dlameter  Hole,  A  0.010-ineh  hole  was  used  to 
connect  the  O.igt-lnch-dlaneter  flaw  path  to  the  transducer  port,  the  high-frequency 
pressure  signs is  and  iftiG  reference  time  were  recorded  on  a  PM  in-traca  analog  tape 
recorder.  Analysis  of  the  resulting  data  was  accomplished  using  a  fast  Fourier 
transform  digital  signal  anaiyaer. 

The  effect  of  vibration  levels  on  the  high-frequency  instrumentation  was 
extensively  studied  beeauae  two  teat  fact iitiea  were  used  and  because  the  combustor 
stand  uae  changed  from  borueniai  to  vertical.  To  effectively  measure  pressure 
osculations  la  s  ramjet  combustor.  Inlet  and  plenum  during  combustion,  the  acoustic 
response  must  fee  isolated  from  the  vibration  response  of  the  high-frequency  pressure 
transducers,  the  semi-infinite,  nonresonant  tube  technique  Is  difficult  to  implement 
without  having  specific  criteria  (such  as  materials  to  use,  standoff  distances,  tube 
diameters,  etc,)  for  decreasing  the  response  of  the'  transducer  to  vibration,  the  goal 
was  to  identify  these  criteria  and  to  reduce  the  vibration  response  to  an  acceptable 
level  or  to  identify  the  minimum  level  ettetnaeie.  The  details  of  this  investigation 
are  contained  in  Reference  b.  The  results  were  that  the  semi-infinite,  nonresonant 
tube  technique  can  effectively  be  used  for  reducing  vibration  response  of  the 


9-8 


transducer  and  producing  a  olean  acoustic  signal.  Oscillation  amplitudes  of  less  than 
5)  of  the  total  pressure  can  be  resolved  as  acoustic  in  origin. 

Figure  9  shows  the  results  of  two  high-frequency  pressure  transducers  directly 
mounted  such  that  one  was  measuring  in  the  actual  airflow  with  acoustic  and  vibration 
input  and  the  ether  was  plugged,  responding  only  to  the  vibration  spectrum.  This  was 
for  a  system  with  an  acceleration  of  several  thousand  ga  at  high  frequency.  Note  that 
the  ordinate  scales  are  different  on  the  two  plots.  This  graphically  illustrates  the 
contribution  to  the  data  of  the  vibration  component.  The  vibration  component  can  be 
signif ioantly  reduced  with  proper  implementation  of  the  seal-infinite,  nonresonant  tube 
technique.  The  vibration  levels  have  to  be  established  to  provide  understanding  of  the 
acoustic  levels  and  to  interpret  high-frequency  pressure  measurements  oorreotly. 
Vibration  date  must  not  be  superimposed  on  the  pressure  data.  Otherwise,  the  result 
would  be  overstatement  of  the  actual  dynamic  pressure  fluctuations. 


TMtHStC  TilL  ttSIC 

a,  Vibration  Input  Only  (Plugged  Port),  b,  Vibration  and  Acoustic  input 

Included  (Unplugged  Port). 

figure  9.  High-frequency  Pressure  Transducer  (espouse. 


mr  uuttiTS 

Ts#  testing  *t  the  AP'P  was  able  to  rsplieaie  conditions  tested  at  T»hange.  fuel- 
ta-alr  ratio  sweeps  were  s-wdbeted  at  uw  expropriate  eanditionsi  however,  at  the  AW 
tne  run  durations  v«*e  nominally  21  seconds,  compared  .wits  longer  durations  at  ?-s*s*gs. 
figure  10  shews  a  comparison  of  the  variation  of  the  MS  pressure  eseiliatlen  at 
location  Ul  at  a  function  of  fig  ratio,.  The  Pit)  pressure  oscillations  »r*  normalised 
by  the  static  pressure  at  legation  e.J.  As  shewn,  Thera  is  an  increase  in  levels  at 
APlf  ever  r»p*nge,  the  cause  is  unclear,  but  .  it  nay  me  an  lacreaee  in  vibration  at 
APTFi  the  .high-frequency  transducer  at  location '  n  ?5>  did  net  we#  the  semi-infinite, 
nemresooint  tub*  ieehfliqw*.  As  had  seen  observed  in  all  the  testing,  the  oscillations 
were  deni  rated  by  frequency  eempehenta  in  the  He®*  t»  8£dt-h«ct* .  range, .  they  appear 
la  be  driven  by  a  eewpiia*  between  the  fuel,  distribution  eyete*  and  the  primary 
oemousite*  ewe,  tempuras  ly  and  spatially,-  the  asplitodes  of  the  use  HI  at  tens  decrease 
rapidly  with  increasing  di stance  from  the  conbwstor  dump  region,'  the  pressure 
ampmoie.  seats  at  US®  and  2100  hen*  were  identified  as  closely  spaced  aaombtie  modes 
of  the  first  tangentlalVfiret  lengltwfmaS  and  rirst  tangential ^second  tengUwdinal 
mired  mode  frequencies,  figure  u  showi.  the  spectrum  in  the.  inlet  at  lomier  ».??  an? 
in  the  eemhustor  at  location  3,6  for  tno  baseline  condition  at- the  apTP.  "this  result 
was  eitti-lar-  to  .that  observed,  at  f-tangs,  ' 
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Fleur*  10.  Ceoporlaon  of  Broadband  (30-6*100  ;u  SMS) 
Fraaaora  Oao illation  st  Location  1.72 
at  T-Banja  and  AFTF. 


a.  UutlM  i.t*.  6.  tneation  |.0, 

Flfora  11.  S**«trtl  Olatrlfcottea  of  Fraaaort*. 


Tks  aFSAMle  oaeiiiaOea  dal*  n  ioeauen  1.7$  (Ht  1.74A  asd  Fit  i.f$8i  ««r*  eoaaarad 
m  th*  m*u  of  aaaiiiud*  **raua  tla*.  aa  thews  for  the  aaaaHtsa  sss  Fifwa  12. 

Is?*  ®e***rta«*  asoow  that  is*  OfAaaie  diatertioo  '**Muf*d  if  ft  1.7S*  as*  ft  i.tife  la 
.?&)  rt**r*M  »«i  <ti  fh*»*  fro*  m*  ala*  of  is*  duet  Is  is*  ether.  Sues  a  r*s»tt  osss 
eisoaa-a*  a  ? oread  iraaait or?  *1411.  ahieh  ta  a  i!**»des*»*HS**i»  lSm*ain«**4e*al  ■flea, 
a*  diaeoaaad  is-  laftwisa*  %,  th«  safUeatiOA*  of  is) a  t*  terns  of  the  e»«* 
iMorfretallea  *****  erttieai.  ttufcftii  s*»  of  is*  toe  ioul  *r**ihif*  $retet. 

fli**its«  of  is*  flat  fro*  aid*  \i  aid*  Molts  Ml  Ktit  t***  «mr**d.  fiovw  is****  are 
orly  tea  dfMMl*  ******  iniiaad  of  a  *o*#l*tt  m*  ******  -h*  diffo»«r  **&iiom  ai 
loeatioa  1.74.  u*  loial  dyawi*  diatertioa  ****??  1**  *1  id*  ®F-»«*lor  do*#  alas*  an  Si 
i*  soi  oaelow*.  *Mt  S*t  WMi  aaas  ?s  that  th#  flee  ihre«fi  u*.t  doet  la  Mi  whiFor*. 
thl*  hwwest  feral  if  «o«u  out  ha.e  Moo  ****  eith  ooif  <uu>  *.as»-rr*a>H*wif  ar*»*or«  *r«a* 
*1  im«  iocoiiao. 

AMIS**  «**#*riM*  Of  HitS-ffOOoaMf  dal  a  wi  M4«  1*  oHltli  IM  total  fr*»»W*o  9* 
is*  fiasoa  m>  «*#*«*•**  io  l m  feiis-ffooo*^  ff**aor»  ai  leeatioM  U7S  aea  1.74. 
.firm  is*  aioi*.  fit***  11.  ii  la  #m>  that  ar*»*«r*  i«  is*  eeaaiaai  irti  dual  ******* 
flahe*  K***or*.  to  erd*r  for  lh*  lolai  **********  of  lisa  aooaiaoi  are*  duel  io  tt«w 
io«  aiattwt  icial  Jwaaero*  a  «e**u*t  «oi«e*  cmmum  *******  n»ai  a*  eeeerri*)#.  ood 
a  aSata  *)•»,  or  d«ie*iiMen*tf**  oat*.  oui  a*  irataliot  *#*ir**a.  to*  oa*a  data  oat 
a«a*ar  to  aa  ir*»*5ina  *aat  to*  4irr*t«r .  at*o.  if  the  *oa*o*tor  araaaora  la  §r*#ur 
u*n  Us*  *i**aa  praaawra.  u«*o  use  floo  ae«i  ha  wMoiariif  r***ra*4. 


Figure  12.  Pressure  Amplitude  Versus  Time 
Distribution  for  Dynamio  Total  Pressure 
Probe  Measurements  PK1.75A  and  PK1.75B. 


1.72  with  Plenum  Total  Pressure  and  Average 
Total  Pressure  at  Looatlon  1,75  (Without 
Aerodynamic  Qrld). 


One  dlagnostlo  technique  that  would  bo  very  desirable  when  engine  performance  is 
being  Investigated  is  the  capability  to  determine  tne  maximum  combustion  offiolenoy  of 
any  given  combustor  configuration,  independent  of  the  fuel  injootor  configuration. 
This  diagnostic  technique  would  provide  design  goals  for  optimisation  of  fuel  injector 
configurations  and  other  mixing  devices.  For  this  technology  investigation,  a 
technique  was  used  that  consisted  of  injecting  fuel  into  tne  plenum  Instead  of  through 
the  fuel  injectors,  The  fuel  Injectors  wers  removed,  and  the  ports  wore  plugged.  The 
fuel  was  injeoted  through  two  swirl  orifice  injectors,  160  degrees  apart,  into  the 
plenum.  Ample  residence  time  was  provided  for  the  fuel  and  air  to  be  promixed  prior  to 
entering  the  combustor.  There  appeared  to  be  a  flameholding  xone  residing  upstream  of 
the  combustor  In  the  plenum.  A  pressure  wave  traveled  upstream,  Igniting  the  fuel  In 
the  plenum.  Figure  Ik  shows  the  ignition  spike  oharacterlstlo  observed  during  this 
typ'.  of  test  in  the  combustor  and  tn  the  plenum.  Comparison  of  tha  two  shows  the  time 
delay  between  the  two  looatlons,  and  It  is  noted  that  the  levels  after  Ignition  are 
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quieter  In  the  combustor  than  in  the  plenum  while  burning  and  flameholding  are 
exclusively  in  the  plenum.  Further  refinements  to  this  technique  will  include  instream 
and  oontrastream  fuel  injection  in  the  inlet/diffuser  through  orifioes  and  use  of  swirl 
devioes  to  precix  the  fuel  and  air  better. 

Testing  was  conducted  in  which  the  diffuser  was  instrumented  with  high-frequency 
pressure  instrumentation.  This  was  done  to  determine  whether  the  oscillations  observed 
in  the  duct  were  also  present  upstream.  Figure  15  shows  the  spectrum  in  the  diffuser 
at  the  bypass.  There  is  no  indication  of  an  instability  at  the  bypass. 


a.  Ignition  Spike  in  Combustor.  b.  Ignition  Spike  in  Plenum. 

Figure  1*1.  Pressure  Amplitude  Versus  Time  While  Fuel  Was  Being  Injected  into  the 

Plenum. 


mwtiwmi’iii 

Figure  15.  Spectre)  Distribution  at  tbs  bypass  Slot. 
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CONCLUSIONS 

This  paper  sunmarizes  the  dynamio  and  steady-state  experimental  techniques  used  in 
the  technology  investigations  of  a  small-diameter  liquid  fuel  ramjet  combustor.  The 
results  of  these  investigations  give  insight  into  the  complicated  nature  of  the  actual 
flowfields  and  provide  techniques  for  characterizing  them. 

The  techniques  for  measuring  high-frequenoy  pressure  oscillations  in  ramjet  engines 
are  being  studied  and  refined.  The  nonreaonant,  semi-infinite  tube  technique  described 
in  the  tost  has  provided  a  method  of  eliminating  enhancement  of  the  pressure 
oscillation  measurement  magnitude  due  to  reflections  and  resonance  in  the 
instrumentation  lines. 

If  the  test  hardware  has  mechanical  vibration,  the  acoustic  response  must  be 
isolated  from  the  vibration  response  of  the  high-frequency  pressure  transducers  during 
measurement  of  pressure  oscillations.  Tho  nonresonant,  semi-infinite  tube  technique  is 
difficult  to  implement  without  having  specific  criteria  (such  as  materials  to  use, 
standoff  distances,  tube  diameters,  etc.)  for  decreasing  the  response  of  the  transducer 
to  vibration.  If  the  test  hardware  is  characterized  well,  the  nonresonant,  semi¬ 
infinite  tube  technique  will  provide  valuable  and  aoourate  information. 

Dynamic  measurements  are  imperative  when  studying  flowfield  phenomenal  steady-state 
instrumentation  alone  cannot  provide  complete  characterization.  However,  the 
techniques  of  utilizing  dynamio  instrumentation  must  be  thoroughly  understood. 
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DISCUSSION 

LeBlond,  Fr. 

1.  What  was  the  position  of  the  injectors  in  the  test  facilities? 

2.  Did  you  change  their  position? 

3.  What  is  then  the  influence  on  the  instabilities? 

Author's  Reply: 

The  fuel  injector  positions  were  varied,  axially  and  radially. 

There  were  also  varying  combinations  of  flush-wall,  contra-stream 
and  in-stream  mounted  fuel  injectors.  Those  configurations  which 
promoted  a  more  uniform  fuel/air  mixture  decreased  the  amplitude 
of  the  pressure  oscillation. 

H.  B.  Weyer,  Gr. 

You  have  been  using  50£t  long  lines  to  measure  the 
steady-state  pressures.  Have  you  been  aware  of  the  fact  that  those 
techniques  read  mean  pressures  at  considerable  error  depending 
on  fluctuating  amplitude  and  pressure  wave  shape? 

Author's  Reply: 

The  semi-inf inite,  nonvesonant  tube  technique  does  introduce  errors 
in  attenuation,  distortion  and  time  delay,  but  these  errors  are  less 
than  those  errors  which  are  introduced  by  similar-sized  transducers 
which  do  not  use  the  semi-infinite,  nonresonont  tube  technique. 

In  our  frequency  range  of  interest  (0  to  3000  1U),  we  find  there  is 
about  a  3-42  distortion. 


I 


t 


1 


REHEAT  BUZZ  -  AN  ACOUSTICALLY  COUPLED  COMBUSTION  INSTABILITY 

A.P.  Dowling 
Reader 

University  Engineering  Department 
Trumpington  Street 
Cambridge 
CB2  1PZ 

United  Kingdom 


SUMMARY 

Reheat  buzz  is  a  low  frequency  instability  of  afterburners.  It  is  caused  by  the 
interaction  of  combustion  and  acoustic  waves  within  the  reheat  duct.  The  acoustic  waves 
perturb  the  combustion,  while  the  unsteady  combustion  generates  yet  more  sound  leading  to 
the  possibility  of  instability.  A  simple  theory  has  been  developed  and  tested  by  comparison 
with  results  obtained  on  a  premixed  rig.  The  theory  is  able  to  predict  the  frequency  of  the 
instability  and  the  mode  shape,  accurately  reproducing  the  effect  of  changes  in  flow  rate, 
inlet  temperature,  duct  length  and  fuel-air  ratio. 


1 .  INTRODUCTION 

Reheat  buzz  is  a  combustion  instability  involving  the  propagation  of  longitudinal 
pressure  waves  in  a  duct.  A  similar  instability  has  been  observed  when  a  premixed  flame 
burns  in  the  wake  of  a  bluff  body  in  a  duct.  There  schlieren  photographs  (1)  show  that 
oncoming  acoustic  waves  perturb  the  flame,  causing  it  to  move  and  change  in  surface  area, 
thereby  altering  the  instantaneous  heat  release  rate.  Rayleigh's  criterion  (2)  states  that 
if  heat  is  added  unsteadily  in  phase  with  the  high  pressure  part  of  a  sound  wave,  the  wave 
will  grow  in  magnitude.  Therefore,  provided  the  phase  relationship  between  the  pressure 
disturbances  and  the  unsteady  combustion  is  suitable,  the  pressure  waves  in  the  duet  gain 
energy.  Disturbances  grow  in  time  if  their  energy  gain  from  the  comnuation  is  greater  than 
the  energy  radiated  from  the  ends  of  the  duet. 

A  linear  stability  analysis  for  a  flame  burning  in  a  duct  has  been  developed  by 
BloxBidge,  Dowling  I  Langhorno  (3)  and  compared  satisfactorily  with  the  experimental 
results  of  Langhorne  (4).  The  work  presented  here  simplifies  the  theory  of  Bloxsidge  et  ai, 
while  retaining  all  its  essential  features. 

The  equations  of  motion  for  linear  disturbances  of  frequency  «  ,  in  a  duet  with  heat 
release  and  mean  flow  are  derived  in  section  2.  These  equation*  ean  be  readily  solved  once 
the  boundary  conditions  and  the  heat  release  rate  are  specified.  It  is  found  that  only 
certain  discrete  values  of  «  ean  exist  as  free  modes  of  the  flame/duet  arrangement,  if  the 
imaginary  part  of  u  is  negative  the  disturbance  grows  in  time  and  the  system  is  unstable! 
Real  w  gives  the  frequency  of  this  unstable  mode.  The  relationship  between  the  perturba¬ 
tion  in  boat  release  rate  and  the  flow  must  be  specified.  Rayleigh  emphasized  the  import¬ 
ance  ef  this  relationship,  it  not  only  determines  the  stability  but  also  affects  the  fre¬ 
quency  of  the  oscillation  (2).  Model*  describing  the  dependence  of  the  rate  ef  heat  release 
on  flow  perturbations  are  well  developed  for  gas  and  oil  burner  ports  f and  for  rocket 
systems  (8).  Bloxsidge  et  al  (31  determined  a  flame  model  for  the  afterburner  geometry  ,‘n 
which  there  is  an  appreciable  mean  flow  and  the  combustion  is  distributed,  tie  use  their 
model  in  this  work. 

In  section  3  the  theory  is  tested  by  comparison  with  experimental  results  en  a  prefixed 
rig.  the  effects  ef  some  differences  between  the  rig  and  an  afterburner  are  discussed  in 
seet ion  4. 


2.  UNSTSfAflY  PUJW  IN  A  8Uet  Mitt)  PEA?  RhbCASK 

Consider  perturbations  to  a  flew  in  a  duet  ef  uniform  eress-seet l@nai  area  A.  Since 
our  Interest  Is  primarily  in  the  onset  @f  instability,  when  the' amplitude  ef  the  escalation* 
is  small,  only  linear  disturbances  to  the  mean  flew  will  be  considered.  then  eaeh  Fourier 
element  may  be  analysed  separately  and  It  is  sufficient  lust  to  consider  disturbances  with 

time  dependence  e**1,  Hie  frequency  of  the  buss  mode  is  low  and  its  wavelength  is  ions  in 
compart sen  with  the  duet  diameter,  therefore  only  plane  acoustic  waves  carry  energy  and  we 
treat  the  flew  as  one-dimensional .  Mean  values  win  be  denoted  by  an  overbar  so  that  the 
axial  velocity  utx.i),  for  example,  ean  be  expressed  as 

uix,U  *  utx)  *  uMx.tl 

where  the  fluctuating  component  uMx.tl  *  telScxle1*4} .  tbs  pressure  p*  t  insity  a  and 
temperature  f  may  be  expanded  in  a  similar  way. 

Experimental  results  on  a  laboratory  rig  (it  show  that  burning  persists  throughout  the 
region  downstream  of  the  flexe-holdcr,  a  length  which  can  be  an  appreciable  fraction  of  the 
wavelength.  Ms  therefore  consider  distributed  heat  release,  the  equations  Of  mass. 
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momentum  and  energy  conservation  for  the  mean  flow  are  respectively! 


ak(»S) 

-  0 

(2.1) 

d  ~2 

2j(p  +  PU  ) 

-  0 

(2.2) 

3x(V  +  5“2) 

“  • 

PUA 

(2.3) 

cp  is  the  specific  heat  capacity  at  constant  pressure  and  q  (x)  is  the  rate  of  heat 

release  per  unit  axial  length  of  duct.  In  addition  to  these  equations  ve  have  the  perfect 
gas  lav 

p  »  RpT  .  (2.4) 

Hhen  q(x)  is  specified  as  a  function  of  x,  and  the  flow  is  given  at  one  axial  position, 
x  •  0  say,  equations  (2.1)  -  (2.3)  can  be  integrated  with  respect  to  x  in  a  straight¬ 
forward  way  to  determine  the  mean  flow  at  all  positions  downstream. 


We  will  now  go  on  to  consider  perturbations  from  this  mean  condition.  For  a  mean 
flow  satisfying  (2.1)  and  a  linear  disturbance  proportional  to  0*“%  the  one-dimensional 
equation  of  mass  conservation  reduces  to 


♦  cut  «-iup 

Similarly  the  momentum  equation  simplifies  to 


(2.S) 


gjj(p  +  Su2  +  2auu)  ■  -  iii»{»u  ♦  Su) 
while  the  energy  equation  becomes 


(2.6) 


3x  L' 


q'(x.t),  »  Re(q(x)elwt) ,  is  the  perturbation  in  the  rate  of  heat  release  per  unit  axial 
length.  ov  is  the  specific  heat  capacity  at  constant  volume.  For  a  linear  disturbance 

the  perfect  gas  law  gives 


P 


(2.9) 


When  the  mean  flow,  the  frequency  v  end  the  relationship  between  §(x)  and  the  flow  are 
specified  and  the  flew  perturbations  are  given  at  one  axial  position,  these  equations  can 
be  integrated  numerically  with  respect  ta  x  ta  determine  the  flaw  perturbations  at  all 
positions  downstream. 


We  see  then  that  if,  for  a  given  w .  the  flow  ta  known  at  one  position  in  the  duct 
and  we  have  a  flame  model  ta  determine  qtx,t),  both  the  mean  and  fluctuating  flow  can 
be  calculated  at  all  other  axial  position*  by  Integrating  equations  (2.1)  -  (2.3)  and 
(2.3)  -  (2.3)  numerically.  In  the  next  section  we  will  demonstrate  haw  this  can  be  used 
ta  determine  the  bust  frequency  in  a  premixed  laboratory  rig. 


1.  COKPAMSOX  OF  TttSOXV  At®  KXPtkJKtfit  FOR  A  PX6HIXB6  MS 

the  geometry  a t  the  Cambridge  Behest  suss  tug  has  been  described  In  detail  by 
Lanqtmrne  (4)  and  is  illustrated  In  Figure  1.  the  working  section  is  a  duct  @f  circular 
cross-section,  whose  length  L  can  be  varied.  Air  Is  supplied  at  constant  pressure  to  a 
choked  notale  at  the  upstream  end  of  the  working  section.  In  a  similar  way,  the  fuel 
(ethylene)  Is  Injected  at  constant  temperature  and  pressure  through  choked  holes,  the 
fuel  and  air  mix  effectively  in  the  nestle,  thus  supplying  a  premised  gas  of  uniform 
fuel-air  ratio  and  constant  mast  flow  rate  to  the  working  section,  the  flame  is  stabilised 
in  the  wake  of  a  bluff  body  consisting  of  a  conical  gutter  supported  on  a  stem,  and  all  the 
burning  length  is  visible  through  quarts  ducting. 

We  choose  a  coordinate  system  in  which  the  origin,  s  *  0,  is  at  the  inlet  of  the 
working  section  and  s  Increases  towards  the  hot  duct  exit.  A  running  condition  is 
defined  by  specifying  the  inlet  Mach  number  and  stagnation  temperature  and  the  mean  heat 
release  rate,  the  exit  pressure  is  atmospheric,  the  axial  distribution  of  the  mean  heat 
release  rate  can  be  determined  from  the  measurements.  Blexeidge  et  al  (3)  shewed  that,  at 
least  for  this  rig,  it  is  a  good  approximation  to  take  the  instantaneous  heat  release  rate 
to  be  proportional  to  the  light  emission  by  C}  radicals,  the  ultimate  aim  of  the  work  at 

Cambridge  is  to  develop  a  prediction  scheme  for  bust  onset  and  frequencies  in  afterburners, 
tor  which  there  are  existing  cedes  to  calculate  the  axial  distribution  of  the  mean  neat 
release  rate.  So,  rather  than  develop  s  theory  ta  calculate  3<x)  for  the  rig  geometry. 
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fuel  manifold 


-premised  fuel  and  air( 


holed  coamla 


gutter  acting 
ta  a  flame  holder 


(et£y!ene) 


Figure  1  The  geometry  of  the  rig 


Bloxsidge  et  al  simply  approximated  It  by  three  straight  lines  choosing  the  break-points 
and  slopes  to  fit  the  light  emission  data.  However,  at  some  running  conditions,  the  fit 
was  poor.  When  the  mean  heat  release  distribution  was  refined  to  give  better  agreement 
with  experiment  the  predicted  frequency  changed  considerably.  In  order  to  eliminate  this 
arbitrariness,  we  choose  to  use  the  measured  light  emission  to  describe  the  mean  heat 
release  rate  precisely.  Ke  fit  a  spline  to  the  distributed  light  emission  data,  and  take 
the  local  mean  heat  release  rate  to  be  proportional  to  the  local  mean  light  emission.  A 
measurement  of  the  stagnation  temperature  rise  aeross  the  burning  region  enables  the 
constant  of  proportionality  to  be  determined. 

Once  the  axial  distribution  of  the  mean  heat  release  rate  has  been  specified,  the 
mean  (low  can  be  calculated.  The  mean  flow  satisfies  mixed  point  boundary  conditions* 
the  inlet  Mach  number  and  temperature  are  known  and  the  exit  pressure  is  atmospheric. 

The  scheme  adopted  is  to  guess  the  upstream  pressure,  Integrate  down  the  duct  and  then 
Iterate  in  the  value  of  the  guess  for  the  mean  upstream  pressure  until  the  mean  exit 
pressure  Is  atmospheric.  We  now  turn  eur  attention  to  the  unsteady  flow. 


he  unsteady  flow. 


The  not tie  at  the  upstream  end  of  the  duct  Is  choked.  This  means  that  acoustic 
perturbations  within  the  working  section  will  net  alter  the  mass  flew  rate  at  inlet 
which  therefore  remains  constant  and  we  have 

♦  SM  ■  ©  ,  (j.il 

®  to)  uthl 

Moreover,  care  was  taken  to  ensure  that  the  flew  was  only  lust  choked,  so  that  any  shocks 
are  weak  and  there  is  negligible  entropy  production.  The  flow  is  therefore  1  sent (epic 
and,  with  ?  denoting  the  ratio  of  specific  heat  capacities, 

|12U  »|!SL  .  .  u.j, 

ptei 


Stage  the  thaety  1*  linear,  if  *at 

■  so  will  »ptx)eilft,  for  any  complex  constant 
loss  of  generality,  that 


satisfies  the  homogeneous'  equations  of  motion, 
ant  *  .  Consequently  we  stay  choose  without 


pm>  *  i  .  o.D 

when  0,1)  -  0.1)  are  combined  with  the  perfect  gas  equation  they  completely  specify  the 
unsteady  inlet  flow. 

the  downstream  end  of  the  working  section  is  open  and  has  an  appreciable  mean  flow 
with  a  temperature  higher  than  ambient  through  it,  Cargill  (9)  has  shown  that  for  such  a 
geometry  the  appropriate  boundary  condition  is 

Pit)  *  t)  .  0.41 

this  arises  purely  as  a  consequence  of  application  of  the  Xutta  condition  at  the  duet  salt 
the  same  boundary  condition  was  deduced  intuitively  by  beehert  (10). 

The  development  of  the  unsteady  flow  alone  the  duct  depends  crucially  on  the  unsteady 
heat  release,  aloxsidge  et  ai  O)  investigated  this  Important  parameter  experimentally . 
they  ran  their  rig  at  a  low  fuel-air  ratio  for  which  the  busi  mode  was  stable  and  there 
was  no  discernible  narrow-band  peak  in  the  pressure  spectrum.  Acoustic  waves  were  then 
generated  in  the  rig  by  a  movable  centre-body,  and  the  response  of  the  flame  investigated, 
the  unsteady  heat  release  rate  along  the  duet  was  found  to  be  related  to  the  perturbation 
in  the  heat  release  rate  at  the  flame-holder  at  an  earlier  time,  biossidge  et  ai  gave  an 
explicit  form  for  this  time  delay,  *tx).  tece  the  perturbations  in  the  heat  release  rate 
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at  the  flarae-holder  are  known,  the  time  delay  can  be  used  to  determine  the  unsteady 
combustion  throughout  the  duct. 

Near  the  flame-holder  the  heat  release  rate  responds  to  changes  In  particle  velocity, 
pressure  and  temperature.  But  when  the  Mach  number  of  the  mean  flow  is  low,  the  fractional 
change  in  velocity  is  much  larger  than  the  fractional  change  in  pressure  and  temperature 
near  the  flame-holder.  This  was  evident  in  banghorne's  experimental  results.  (4),  where  the 
flame  was  observed  to  move  intermittently  upstream  of  the  flame-holder  (indicating  velocity 
perturbations  of  the  order  of  the  mean  velocity) ,  while  fractional  changes  in  pressure  were 
less  than  10  t .  Since  the  fractional  changes  in  velocity  are  so  much  larger  than  the  other 
fractional  changes  in  the  flow,  Bloxnidge  et  al  assumed  the  unsteady  combustion  to  be 
determined  principally  by  velocity  fluctuations  near  the  flame-holder.  This  supposition 
was  confirmed  by  their  data  collapsing  into  a  universal  form  when  expressed  in  this  way. 

By  exciting  the  flame  at  a  range  of  frequencies  Bloxsidge  et  al  found  the  relationship 
between  the  heat  release  rate  at  their  flame-holder  and  local  velocity  perturbations  to  be 
a  function  of  Strouhal  number  and  gave  an  explicit  form  for  that  relationship  (see 
reference  (3)  equation  (3.8).  We  will  use  Bloxsidge  et  al's  flame  model  and  write 


q(x) 

q(x) 


1 

ISt 


-ill*St/2  \ 

^  k 


— iwl (X) 
e 


(3.5) 


St  is  the  Strouhal  number  u2*rc/uQ,  where  the  ‘suffix  G  denotes  conditions  at  the 
gutter  lip.  rG  is  the  radius  of  the  gutter. 

Two  distinct  forms  for  the  time  delay  t (x>  were  observed.  At  low  fuel-air  ratios 

t(x)  »  (x  -  xG)/uG  .  (3.6) 

Bloxsidge  et  al  (3)  and  Langhorne  (4)  termed  this  ‘weak  burs'.  For  higher  fuel-air  ratios 
at  which  the  natural  oscillations  have  a  larger  amplitude,  the  time  delay  was  only  found  to 
have  the  form  shown  in  (3.6)  for  poaitiona  near  the  flame-holder.  Further  downstream  the 
phaae  of  the  heat  releaae  rate  was  nearly  uniform.  Ir  the  earlier  work  this  was  called 
'established  buss'  and  following  Bloxsidge  at  al  we  will  describe  It  by 

,(x)  ■  *£--*■?-  *  f  -M-  ,  (3.7) 

UG  °xo  c(x) 

where  c(x)  Is  the  local  speed  of  sound  and  *0  la  the  axial  position  at  which  g(x> 
first  lags  ptx). 

With  the  unsteady  inlet  flow  determined  by  equation*  0.1)  -  (3.3)  and  the  flame 
model  In  (3.5)  -  (1.7),  equations  (2.5)  «  (2.7)  can  be  Integrated  along  the  duct.  At  a 
general  value  of  u  ,  the  exit  boundary  condition  (3.4)  it  not  satisfied,  We  therefore 
Iterate  In  w  ,  at  each  step  calculating  the  flew  In  the  duct,  until  we  determine  the 
complex  value  of  m  for  which  the  exit  pressure  perturbation  vanishes.  Only  disturbances 
with  these  particular  frequencies  satisfy  all  the  boundary  conditions  and  can  exist  as 
free  modes  of  the  duct/flame  arrangement,  The  mode  shape  has  also  been  determined. 

Bloxsidge  ei  al  integrated  the  one-dimensional  equations  of  mass,  momentum  and  energy 
conservation  In  a  similar  way.  Their  theory  was  complicated  by  consideration  of  the  gutter 
blockage  and  inclusion  of  a  spreading  flame  tone,  it  is  evident  from  their  results  that 
these  extensions  had  little  effect.  Their  treatment  of  them,  however,  involved  the  intro¬ 
duction  of  additional  constants  (control  volume  lengths  and  a  flame  spreading  angle  among 
others).  Our  aim  here  hat  been  not  only  to  simplify  the  theory  of  unnecessary  complica¬ 
tions,  but  also  to  avoid  the  Introduction  of  extra  arbitrary  constants.  By  using  an 
experimentally  determined  mean  heat  release  rate,  the  only  modelling  required  In  the 
theory  le  the  adaption  of  the  flame  model  as  described  in  equations  (3.5)  -  (3.7). 

The  predictions  of  this  simple  theory  have  been  checked  by  comparison  with  Langhorne's 
data  U),  where  the  chances  in  the  burs  frequency  and  mode  shape  for  different  mean  flows 
and  duct  lengths  are  reported.  The  geometries  and  mean  flow  conditions  investigated  are 
summarised  in  table  1,  which  alee  compares  the  calculated  frequency  and  growth  rate  with 
those  of  Bloxsidge  et  el.  In  ell  but  one  caee  the  simple  theory  improvee  the  frequency 
prediction.  The  lergest  error  between  theory  and  experiment  la  4,1  ttt  (*»).  the 
predicted  node  chapes  are  displayed  la  figures  2  -  t  and  compared  with  longhorn*'*  experi¬ 
mental  data  (4) » . 
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TABLE  1 

Configuration  1  Configuration  2  Configuration  2  Configuration  3  Configuration  4 
(lover  fuel-air  ratio)  (higher  fuel -air  ratio) 


Equivalence  ratio 

0.70 

0.65 

0.66 

0.65 

0.71 

Inlet  Mach  nuaber 

0.08 

0.08 

0.08 

0.08 

0.15 

*Q 

1.18 

0.74 

0.74 

1.19 

1.18 

l  (a) 

1.92 

1.48 

1.48 

2.18 

1.92 

*rrf  (,) 

0.75 

0.49 

0.49 

0.75 

0.75 

Experimental  frequency  (Hz) 

77 

81 

103 

77 

109 

Calculated  frequenoy  (Hz) 

81.6 

78.3 

102,8 

81.2 

110.1 

Calculated  growth  rate  (a"1) 

-1.9 

-3.5 

-5.0 

•1.0 

91.2 

Frequency  calculated  by 
Bloxsidg*  et  al.  (Ha) 

81.7 

75.5 

88.3 

(108  with  iaproved 
dean  heat  release  rate) 

80.1 

113.1 

Growth  rate  calculated  bv 
Bloxaidge  et  al.  (a**1) 

1.1 

-4.4 

68.1 

(  79  with  iaproved 
seen  heat  release  rate) 

33.1 

86.6 

The  inlet  static  teaperatur*  is  288K»  the  duot  radius  35ea  end  the  gutter  radius,  rQ>  l?aa  for  all  configurations. 


Results  for  Configuration  1  are  illustrated  in  Figure  2.  The  spline  fit  to  the 
measured  mean  heat  release  rate  is  shown  in  Figure  2c,  while  the  comparison  between  the 
flame  model  in  equations  (3,5)  and  (3.7)  and  the  measured  unsteady  heat  release  rate  is 
displayed  in  Figures  2a  and  b.  The  flame  model  claarly  describes  the  phase  of  the  unstead) 
combustion  accurately,  but  overestimates  its  amplitude  in  the  downstream  portion  of  the 
duct.  However,  the  satisfactory  agreement  between  the  predicted  frequency  of  81.6  Hr  and 
the  measured  value  of  77  Hz  suggest*  that  this  inaccuracy  is  not  important.  The  calculated 
and  measured  pressure  mode  shapes  at  the  buzz  frequency  are  illustrated  in  Figures  2d  and  o. 

Figure  3  shows  comparison  between  theory  and  experiment  for  Configuration  2  at  the 
lower  fuel-air  ratio.  At  this  fuel-air  ratio  'weak  buzz'  occurs.  Figure  3b  demonstrates 
that  the  flame  model  in  equations  (3.5)  and  (3.6)  describes  the  phase  of  the  unsteady  heat 
release  rate  well.  The  agreement  between  the  theoretical  and  measured  buzz  frequencies 
(78.3  and  81  Hz  respectively)  Is  good  and  the  pressure  mode  shape  is  accurately  reproduced. 
At  a  higher  fuel-air  ratio  established  buss  occurs.  This  case  is  illustrated  in  Figure  4. 
Now  the  established  flame  model  in  equations  (3.5)  and  (3.7)  is  required.  The  theore.leal 
frequency  of  102.8  He  is  in  excellent  agreement  with  the  measured  value  of  103  Hz. 

Configuration  3  has  a  longer  length  of  working  section  downstream  of  the  flame-helder. 
The  results  for  this  geometry  are  shown  in  Figure  5.  Ne  see  that  anee  again  the  theory 
predicts  the  unsteady  heat  release  rate  and  pressure  mode  shapes  accurately,  and  the 
theoretical  frequency,  81.2  Hi.  Is  reasonably  close  to  the  experimental  value  of  77  Hs, 

Results  for  Configuration  4  are  shown  in  Figure  6.  Here  the  geometry  la  the  same  as 
that  in  Configuration  1  but  the  Inlet  Mach  number  has  been  Increased  t©  0.15.  This  has  an 
appreciable  effect  on  the  experimental  frequency  which  increases  from  77  its  for  an  Inlet 
tech  number  of  0.08  to  168  Ht  at  this  running  condition,  this  Increase  Is  accurately 
reproduced  by  the  theoretical  frequency  which  rises  from  81.6  to  116.1  He.  A  comparison  ef 
the  pressure  mede  shapes  In  Figures  2d  and  84  Is  Interesting.  Figure  2d  shows  that  at  low 
Mach  numbers  the  pressure  perturbation  appears  to  have  a  node  near  the  flame-holder,  this 
has  been  used  by  Heitor.  Taylor  t  Khiteiaw  tin  to  obtain  the  frequency  of  eenbustlen 
oscillations  in  their  rig.  We  see  from  Figure  Id  that  at  higher  flow  rates  the  minimum  in 
the  pressure  amplitude  occurs  further  upstream. 

Hacqulsten  (private  communication)  has  recently  obtained  new  results  on  this  rig  at 
higher  inlet  temperatures.  He  produced  these  Inlet  temperatures  by  burning  in  a  preheater 
upstream  of  the  working  section,  the  afterburner  fuel-air  ratio  is  suantified  by  a  para¬ 
meter  ft.  which  Is  the  afterburner  fuel-oxygen  ratio  divided  by  the  value  for  atoichloeetnc 
burning,  ft  includes  the  effects  of  oxygen  consumption  in  the  preheater  and  the  small 
amount  of  unburnt  preheat  fuel  entering  the  working  section.  Hacqulsten'*  measured  teat 
release  rates  and  pressure  mode  shapes  are  illustrated  in  Figure  ?  for  an  inlet  stagnation 
temperature  of  620  ft  with  0  *  0.75  and  the  same  inlet  Hash  nunter  and  geometry  as 
Configuration  4.  It  is  reassuring  how  well  the  flame  model,  which  was  developed  from 
observations  for  an  inlet  velocity  ef  25  m/a.  is  able  to  describe  unsteady  combustion  m  an 
oncoming  stream  over  i\  times  fatter,  an  indirect  confirmation  of  the  St route!  number 
scaling  in  equation  (1.5).  At  this  running  condition  the  agreement  between  the  measured 
frequency  (156  Hal  and  the  predicted  frequency  (154.5  lull*  excellent. 

Figure  I  shows  a  comparison  between  theory  and  Haeguisten's  experimental  results  for  a 
range  of  afterburner  fuel-air  ratios  and  three  inlet  temperatures.  At  low  afterburner  fuel- 
air  ratios,  near  butt  onset,  when  a  harrow-band  peak  is  first  discernible  in  the  presa-re 
spectrum,  the  agreement  between  theory  and  experiment  is  good.  As  the  afterburner  fuel 
flow  tat*  is  increased,  the  amplitude  of  the  oscillations  grows,  with  m  particular 
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axial  coordinate,  x  (b) 


Figure  7  The  heat  release  rate/unit  length  and  pressure  variation  along  the  duot  at  the  buaa  frequency 
for  rn  inlet  stagnation  temperature  of  620K,  $<=0,75  and  the  same  geometry  end  inlet  Mach  number  as 

Configuration  4. 

■■  theory 

•  Macquisten'e  experlnontal  data 
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nonlinear  fluctuations  in  the  heat  release  rate.  The  linear  theory  then  underestimates 
the  frequency. 

He  have  simplified  the  theory  developed  by  Bloxsidge  et  al  without  degrading  the 
agreement  between  theory  and  Langhorne's  experimental  results.  This  simple  theory  has 
also  been  able  to  predict  correctly  the  significant  rise  in  frequency  measured  by 
Macquisten  as  the  temperature  at  inlet  to  the  working  section  is  increased. 


I 

Frequency 
(  Hz  ) 


0.74  0.7b  0.78  0.80  0.82 


200 

180  : 

160  - 

140  - 

120 

0.74  0.76  0.78  0.80  0.82 

*«► 

Figure  Comparison  between  theory  and  experiment  for  various  afterburner  fuel-air 
ratios  and  three  values  of  the  inlet  stagnation  temperature,  . 

^  Macquiatwn'a  experimental  results 
*"  ■*  theory 


4.  DIFFERENCES  BETWEEN  THE  R1C,  AND  AN  ENGINE  AFTERBURNER 

In  this  section  we  investigate  the  effects  on  the  buzz  freauency  and  mode  shape  of 
two  differences  between  the  rig  and  an  aeroengine  afterburner.  Our  aim  hero  is  not  to 
include  a  realistic  engine  afterburner  geometry  (although  it  can  be  incorporated  into  a 
similar  calculation  as  shown  by  Bloxsidge  (12)).  Instead  we  aim  to  highlight  the  effects 
of  two  simple  changes  whan  the  rest  of  the  geometry  and  mean  flow  is  unchanged. 

Firstly  an  engine  afterburner  is  terminated  by  a  choked  nozzle  rather  than  the  open 
end  on  the  rig.  The  boundary  condition  at  a  choked  nozzle  is  that  of  constant  non- 
dimensional  mass  flow,  which  Marble  &  Candel  (13)  have  shown  reduces  to 

(4,1) 

P  u  o 

for  linear  perturbations.  We  have  repiaced  the  exit  boundary  condition  (3,4)  by  (4.1) 
and  repeated  the  calculations  for  Configuration  1,  The  flame  model  retains  the  form  in 
(3,5)  -  (3,7),  This  use  of  the  same  flame  model  emphasizes  an  advantage  of  the  procedure 
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developed  by  Bloxsidge  et  al  (3) .  Poinsot,  Le  Chatelier,  Candel  a  Esposito  (14)  also 
excited  a  flame  in  a  duct  for  a  range  of  frequencies.  They  used  their  data  to  determine 
a  reflection  coefficient.  But  as  they  point  out,  this  reflection  coefficient  depends  not 
only  on  the  flame  but  also  on  the  downstream  geometry.  In  determining  the  relationship 
between  fluctuations  in  heat  release  rate  and  particle  velocity  Bloxsidge  et  al  have 
determined  a  more  general  flame  model  which  can  be  applied  to  different  geometries  and 
mean  flows. 

The  frequency  of  combustion  oscillations  with  the  choked-no2zle  end  condition  (4.1) 
is  found  to  be  much  lower  than  that  for  art  open  end.  The  two  lowest  roots  are  now  40.9  Hz 
and  63.0  Hz  with  growth  rates  of  37.1  s“i  and  -7.8  s“*  respectively.  These  results  are 
consistent  with  the  observations  of  Sivasegaram  &  Whltelaw  (15)  who  found  that  their  rig 
was  susceptible  to  a  lower  frequency  instability  when  they  installed  an  exit  nozzle.  The 
pressure  mode  shape  at  the  lowest  eigenfreouency  is  shown  in  Figure  9.  Wc  see  that  the 
pressure  fluctuations  at  this  low  frequency  are  in  phase  throughout  the  du^c. 


Figure  9.  The  pressure  variation  along  the  duct  at  the  buzz  frequency  of  40.9  HZ 
for  Configuration  1  with  a  choked  nozzle  at  exit. 


Another  difference  between  the  rig  and  an  aeroengine  afterburner  is  that,  while  the 
rig  uses  gaseous  fuel,  the  engine  is  liquid-fuelled.  The  liquid  is  injected  at  a  constant 
flow  rate  into  a  high  temperature  air  stream  in  the  afterburner.  The  liquid  oan  be  expec¬ 
ted  to  evaporate  quickly  at  these  temperatures,  but  as  the  combustion  oscillations  modify 
the  local  air  flow  rate  past  the  fuel  injectors  variations  in  fuel-air  ratio  will  occur. 

In  contrast  the  rig  is  premixed  with  a  uniform  fuel-air  ratio. 

For  the  proroixed  rig,  wo  used  a  flame  model  in  which  changes  in  heat  release  rate 
near  the  flame-holder  were  described  by 

CV 

—  -  f  (St)  ~  ,  (4.2) 

%  UG 

where  f  is  a  function  of  the  Strouhai  number  u2nrG/uG, 

The  explicit  form  of  f  in  given  in  (3.5) i 

/  -illxSt/2  \ 

f(St)  «  ^  1  +  .  (4.3) 


Part  of  this  fluctuation  occurs  because,  for  the  premixod  gas,  the  fuel  flow  arriving  at 
the  fl«rr,i_-holder  In  unit  time  modulates  with  the  changing  air  flow. 
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Let  Q (x)  denote  the  unsteady  heat  release 
injected  at  the  flame-holder.  Then 


rate  per  unit  length 


when  fuel 


is 


Q 

5 


G 

G 


(4.4) 


After  making  the  usual  approximation  that  for  a  low  Mach  number  flow  SQ/oG  is  small  in 

comparison  with  vL/ur,  equations  (4.3)  and  (4.4)  can  be  combined  to  give  a  fuel-injection 
flame  model  “  “ 


0-  ur 

—  »  (f  (St)  -  1)-S 


(4.5) 


For  simplicity  we  will  again  use  the  time  delays  in  equations  (3.6)  and  (3.7)  to  describe 
the  combustion  downstream  of  the  flame-holder 


When  this  flame  model  is  used,  the  frequency  of  the  combustion  oscillation  is  found  to 
be  shifted  slightly  from  that  predicted  for  a  premixed  flame,  and  the  growth  rate  is 
increased.  For  example,  for  the  weak  buz2  at  the  low  fuel-air  ratio  in  Configuration  2 
the  frequency  becomes  74.0  Hz  with  a  growth  rate  of  20.3  s“l.  The  effect  of  injecting 
fuel  directly  into  the  working  section  is  predicted  to  be  destabilizing,  but  only  to  lead 
to  a  modest  change  in  frequency. 


CONCLUSIONS 

The  linear  stability  analysis  of  a  flame  burning  in  a  duct  developed  by  Bloxsidge  et 
al  has  been  simplified,  while  retaining  all  its  essential  features.  The  theory  is  able  to 
predict  the  frequency  of  the  instability  and  the  mode  ohape.  It  accurately  describes  the 
effects  of  changes  in  flow  rate,  inlet  temperature,  duct  length  and  fuel-air  ratio. 
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DISCUSSION 

S.  Candel,  Fr 

1.  What  are  the  main  differences  between  weak  and  strong  buss? 

2.  What  is  the  meaning  of  x  in  the  time  lag  expression*  Does 

x  vary  with  the  equivalence  ratio  or  with  tho  other  upstream 
conditions? 

Author's  Reply: 

i*  The  main  difference  between  weak  and  established  buz*  is  in  the 
form  of  the  time  delay  between  unsteady  beat  release  along  the 
duct  and  that  at  the  flame-holder  (as  described  by  equations  3*8 
and  3.7). 

2,  x  is  the  axial  position  at  which  the  heat  release  rate/unit  length 
first  lags  the  pressuro  perturbation*  Physically  it  seama  to 
represent  the  axial  extent  of  effective  flame-holding.  Both 
our  flow  visualisation  and  the  photomult  ip lior  measurements  of  C 
emission  show  that  combustion  is  intermittently  extinguished  during 
the  bust  cycle  at  all  positions  downstream  of  x  * 

The  position  of  x  is  a  function  of  upstream  conditions  and  in 
particular  it  moves  downstream  as  the  Mach  number  is  increased 
(langhorne  (4>) . 

G.  Winterfeld,  Cr 

Do  you  think  that  your  heat  relese  model  applies  equally  well  to 
saturated  hydrocarbon  fuels  (o.g.  keresene)  as  it  does  to  ethylene 
which  has  rather  different  ignition  and  combustion  characteristics? 

Author's  Reply: 

We  have  not  usee  saturated  hydrocarbon  fuels  in  our  rig.  However* 
it  ia  clear  that  it  is  the  response  of  the  ethylene  flame  to 
petturbat ions  in  the  oncoming  flow  velocity  that  leads  to  unsteadiness 
in  the  heat  release  rate,  ami  that  the  details  of  the  chemistry  are 
not  relevant.  If  that  veie  still  true  for  a  saturated  hydrocarbon 
flame  we  would  expect  to  be  able  to  use  the  same  model. 


C.  N*  Coat*,  UK 

Your  oscillating  flame  model  assumes  the  same  correlation  between 
chemi luminescence  and  heat  release  for  the  oscillating  flame  as 
for  the  stationary  flame.  Can  you  justify  this  assumption  and  does 
it  make  any  difference  to  your  predictions? 

Author's  Reply: 

In  fact  we  do  not  assume  the  same  correlation  between  light 
emission  by  radicals  and  heat  release  rate  fc*r  each  running 
condition.  The  details  are  given  in  Rloxsidge  et  al  (3),  where  the 
constant  of  proportionality  between  light  omission  and  heat  release 
rate  is  determined  for  each  running  condition  from  the  measured 
stagnation  temperature  rise* 

(An  additional  comment  was  made  by  Dr.  P»  J.  Langhorne.) 

P»  langhorne*  New  Zealand 

We  do  not  expect  to  be  able  to  change  tho  fuel  to  air  ratio 
substantially  and  still  use  tho  same  constant  of  proportionality 
between  the  light  emission  from  Cj  radicals  and  the  heat  release  rate. 
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Author's  Reply: 

Work  is  currently  in  progress  at  extending  the  results  to  higher 
Msch  numbers*  Bovever  ve  think  that*  because  our  flame  model  describes 
the  relationship  between  the  flow  and  the  perturbation  in  heat  release 
rate,  it  is  in  fact  a  description  of  the  dynamics  of  the  flame.  But, 
like  you,  we  believe  that  it  is  worth  testing  the  model  at  higher 
Mach  numbers. 

S.  Sivasegaram,  UK 

1.  If  the  bulk  mode  frequency  associated  with  the  instability  is  to 
be  calculated,  can  the  same  assumption  as  for  the  longitudinal 
frequency  be  made  about  the  heat  release  distribution? 

2.  Is  it  not  possible  that  the  mechanisms  of  instability  are  different 
for  the  bulk  mode  and  longitudinal  modes? 

Author's  Reply: 

Both  these  questions  can  be  answered  in  the  same  way.  Bloxsidge 
et  al  (3)  developed  the  flame  model  in  equation  (3.5)  by  investigating 
toe  response  of  the  flame  to  excitation  at  a  wide  range  of 
frequencies  (15-95H*).  Wo  can  therefore  have  confidence  that  this 
flame  model  does  describe  the  unsteady  heat  release  even  for  the  low 
frequency  of  the  bulk  mode  shown  in  Figure  9. 

K.  Kailasanath,  US 

l  noticed  that  you  had  varied  the  inflow  Mach  number  at  least  up  to 
0.15.  Have  you  looked  at  the  effects  of  increasing  the  Mach  number 
furtrher?  Our  results  (presented  at  this  meeting,  paper  No,  16) 
show  that  for  higher  Mach  numbers,  the  natural  dynamics  of  the  shear 
layer  might  play  a  greater  role  than  at  lower  Mack  numbers.  Would 
you  comment  on  the  validity  of  your  analysis  for  such  a  flow  field. 
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ATTENUATION  OF  REHEAT  BUZZ  BY  ACTIVE  CONTROL 
P. J.  Langhorne 

Department  of  Physics,  University  of  Otago,  P.O.  Box  56,  Dunedin,  New  Zealand. 

and 

N .  Hooper 

Whittle  Laboratory,  Cambridge  University  Engineering  Department,  Madingley  Rd.,  Cambridge 

CB3  ODY,  England. 


SUMMARY 

Reheat  buzz  is  a  low  frequency  longitudinal  fi-essure  fluctuation  which  can  be  excited  by 
flame/sound  fieid  interaction  in  the  afterburner  of  a  jet  aeroengine  operat  ;ng  at  high  fuel 
to  air  ratios.  Active  control  techniques  have  already  been  applied  to  control  a  similar 
combustion  instability  on  a  rig.  In  this  previous  case  the  controller  modified  the 
upstream  boundary  condition  by  unsteadily  altering  the  mass  flow  of  premixed  gas.  This 
method  is  not  readily  applicable  to  an  engine.  In  this  paper  re  demonstrate  that  similar 
achievements  are  possible  with  the  3uitabiy-phased  addition  of  extra  fuel.  The  mechanical 
power  requirements  of  this  controller  are  modest  and  the  system  is  easy  to  implement. 


1 .  INTRODUCTION 

When  combustion  tabes  place  within  an  acoustic  resonator,  the  interaction  between  acoustic 
waves  and  unsteady  combustion  may  lead  to  oscillations  of  damaging  intensity.  Such  a 
combustion  instability  can  occur  in  the  afterburners  of  jet  aeroengines,  wnuio  u  has  a  low 
frequency  and  is  termed  'reheat  buz*'.  The  existence  of  this  particular  instability  does 
not  depend  on  ar.y  property  peculiar  to  liquid  fuels,  such  as  atomisation,  indeed  similar 
oscillations  have  boon  observed  on  premixed  laboratory  rigs  with  gaseous  fuel.  There  the 
flame  burns  in  the  wake  of  a  bluff  body  in  a  duet  and  Sehlieron  photographs  (see  for  example 
Smart  et  al.'i  show  that  the  flame  Is  perturbed  by  velocity  fluctuations  at  the  flame  holder, 
which  alter  the  instantaneous  heat  release  rate.  If  thia  unsteady  heat  release  rate  is  in 

phase  with  local  pressure  perturbations,  Rayleigh's  criterion*  states  that  the  disturbances 
will  grow.  Longitudinal  pressure  waves  propagating  in  the  dunt  can  then  become 
destructively  large  In  magnitude.  Since  passive  dampers  are  unoffeetive  at  these  low 
frequencies,  the  traditional  solution  has  been  to  modify  the  aerodynamics  of  the  burner  to 
reduce  the  coupling  between  the  heat-  release  rate  and  the  unsteady  flow,  However,  there 
are  frequently  constraints  on  burner/f lame- stabiliser  design  and  the  only  a;‘ernative  is  to 
limit  the  heat  release  in  the  duct.  In  afterburners  this  means  that  a  limit  is  placed  on 
the  available  thrust. 

A  low  frequency  combustion  Instability  in  a  duet  lends  itself  to  the  techniques  of  active 
control.  in  this,  a  feedback  signal  taken  from  the  unstable  system  is  suitably  processed 
and  used  to  drive  an  actuator  so  as  to  reduce  the  instability.  This  may  be  done  either  by 
changing  the  boundary  conditions  so  that  more  energy  Is  lost  at  the  boundaries  or  by 
altering  the  unsteady  heat  release  rate  so  that  the  energy  gain  is  reduced. 

There  have  now  been  a  number  of  demonstrations  of  the  sueeess  of  active  control  techniques 
in  suppressing  combustion  instabilities  on  laboratory-scale  apparatus.  ene  of  the 
simplest  of  these  is  the  Rijke  tube*  .  This  is  s  vertical  pipe,  open  at  both  ends,  which 
contains  a  heated  gauee  or  a  flame,  Such  a  pipe  has  a  natural,  half-wave  resonance.  The 
perturbations  associated  with  this  resonance  induce  fluctuations  in  the  heat  release  rate 
that  lag  the  unsteady  velocity.  Thus  when  the  heat  source  la  in  the  lower  half  of  the 
pipe,  the  unsteady  pressure  and  heat  release  rate  art  In  phase  and,  according  to  Rayleigh's 
criterion,  any  linear  perturbations  will  grow,  The  pressure  fluctuations  are  sinusoidal 
with  little  oyele-to-cyele  variation  and  It  la  possible  to  use  active  control  to  reduce  the 
oscillations  to  negligible  levels,  This  has  been  carried  out  in  tvs>  different  ways. 

Collyer  and  Ayres1,  lleekl*  and  Screentvasan  et  als  introduced  a  seeond  controlling  heat  source 
Into  the  upper  half  of  the  tube,  The  unsteady  heating  associated  with  this  second  heat 
source  is  out  cf  phase  with  the  pressure  perturbations  end  dampens  any  oscillations, 
Alternatively,  Dines*  altered  the  energetics  of  linear  perturbations  by  actively  modifying 
the  boundary  condition  at  the  end  of  the  tube  using  *  loudspeaker.  The  feedback  signal 
here  was  the  light  emission  from  ctt  radicals  in  the  flame,  which  has  been  shown  to  be  a 
measure  of  heat  release  rate’.  Heckl*  has  aohieved  noise  reduotion  in  eeeentlaliy  the  same 
way  as  Dines,  but  using  pressure  fluctuations  as  the  feedback  signal  to  the  loudspeaker. 
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In  addition  to  the  work  on  the  Rijke  tube,  combustion  instabilities  have  been  controlled  on 
other  small  scale  apparatus.  Kidin  et  al»  have  used  a  novel  technique  for  generating  the 
controlling  pressure  fluctuations,  the  expansion  from  a  PC  discharge.  More  conventional 
methods,  very  similar  to  Heukl’s  were  used  on  a  1  Ml  laminar  premixed  burner  by  Lang  et  al10. 
They  restated  the  encouraging  observation  for  the  application  of  active  control  techniques 
to  practical  devices,  that  the  energy  consumption  of  the  controller  is  very  small. 

Consequently  Poinsot  et  alu  progressed  to  a  more  realistic  and  practical  burner.  The 
apparatus  is  a  diffusion  turbulent  combustor  with  an  air  flow  rate  of  0.024  kgs  ~l  and  a 
fuel-to-air  ratio  which  is  40%  of  the  stoichiometric  value  for  propane.  Pressure 
oscillations  were  sensed  by  a  microphone,  suitably  filtered,  delayed  and  amplified  and  fed 
into  a  pair  of  loudspeakers.  At  the  frequency  of  the  combustion  oscillation,  the 
uncontrolled  peak  of  12SdB  was  reduced  by  24dB  by  the  application  of  their  control  system. 

Active  control  techniques  have  also  been  used  successfully  on  a  laboratory  rig  designed  to 
model  some  of  the  essential  features  of  the  reheat  system  of  a  jet  aeroengine1*-15.  The  rig 
is  illustrated  in  figure  1  and  has  been  described  in  detail  in  banghorneu.  Air  and 
ethylene  are  introduced  at  constant  mass  flow  rates  upstream  of  a  choked  nortle.  The  gases 
mix  33  they  enter  the  working  section  so  there  is  a  uniform  fuel-to-air  ratio  across  the 
duct.  The  experiments  of  Bloxsidge  and  others  were  performed  with  a  premixed  mass  flow  of 
0.135  kgs"1  (i.e.  about  2?  ms'1  upstream  of  the  flame  holder)  and  a  fuel-to-air  ratio  of  66% 
of  the  stoichiometric  ratio.  The  premixea  flame  is  stabilised  in  the  wake  of  a  conical 
gutter  and  undergoes  an  acoustically  coupled  combustion  instability  ealled  ‘burs'.  Control 
was  applied  by  actively  changing  the  boundary  condition  at  the  upstream  end  of  the  working 
section.  In  those  experiments  the  fixed  nossle  was  replaced  by  a  moveable  one.  The  mass 
flow  rate  of  tremlxed  gas  entering  the  working  section  could  then  be  changed  by  altering  the 
axial  position  of  this  nostio,  thereby  modifying  the  upstream  boundary  condition.  The 
nottie  was  driven  by  a  suitably  processed  pressure  signal  from  the  rig.  Once  implemented, 
the  162d8  peak  in  the  pressure  speetrum  due  to  the  butt  was  reduced  by  20c!8.  In  addition, 
the  acoustic  energy  in  the  bandwidth  0-800  Ht  was  diminished  to  10%  of  its  value  without 
control.  Furthermore  the  modified  ‘butt*  frequency  and  modal  pressure  distribution  with 
control  were  successfully  predicted  using  the  calculations  oescrlbed  in  Bloxsidge  et  al,s. 

Although  this  method  of  control  was  successful  on  a  124  KN  turbulent  ptemixei  burner  with 
significant  eycle-to-cyele  variations,  the  method  of  implementation  is  not  a  practical 
proposition  for  full-scale  afterburners.  Mass  flow  fluctuations  of  the  order  of  3%  of  the 
mean  mass  flow  are  required  in  order  to  produce  stability  aerodynamical ly.  Likewise  it  is 

impractical  to  consider  the  use  of  loudspeakers  to  produce  significant  pressure  fluctuations 
in  environments  where  mass  flews  of  many  kilogrammes  per  second  are  to  be  handled,  in  this 
paper  we  describe  the  results  of  a  series  of  experiments  to  Investigate  a  more  practical 
means  of  Implementing  the  feedback.  The  basic  rig  is  Identical  to  that  used  by  Bloxsidge 
et  al1*-11  (and  illustrated  In  Figure  1),  but  control  Is  achieved  by  the  unsteady  addition  of 
fuel  neat  the  flame-holder.  Me  exploit  the  fact  that  unsteady  combustion  is  very  effective 
at  producing  high  intensity  sound  levels.  In  this  case  a  pressure  perturbatten  measured  by 
a  transducer  upstream  of  the  flame  la  a  suitable  input  to  the  control  circuit.  This  choice 
is  not  unique  and  successful  control  has  been  accomplished  with  other  signals  from  the  rig. 
The  idea  of  the  centre!  is  to  use  fast-response  solenoid  valves  to  pulse  fuel  into  the  rig 
in  response  to  this  input.  This  produces  an  additional  unsteady  rate  of  heat  release 
which,  if  the  control  circuit  is  suitably  designed,  stabilises  the  flame. 


2.  A  PRACTICAL  CONTROL  SV8TBM 

The  use  of  unsteady  addition  of  fuel  as  a  means  of  controlling  combustion  instabilities  has 
been  tested  on  the  rig  illustrated  in  Figure  1.  in  the  basic  configuration  the  fuel 
(gaseous  ethylene)  and  air  are  introduced  at  constant  mass  flow  rates  upstream  of  a  noaeie. 
This  notale  is  choked  to  ensum  that  the  supplies  of  fuel  and  air  are  acoustically  isolated 
from  the  working  section.  The  ethylene  and  ait  mix  well  in  the  constriction  and  enter  the 
working  section  as  a  premised  gas.  The  working  section  is  just  a  straight  duct  in  which  a 
flame  is  stabilised  in  the  wake  of  s  conical  gutter.  The  experiments  were  performed  with  a 
premixed  mass  flow  rate  of  0.135  kgs*1  and  equivalence  ratios  (defined  as  the  ratio  of  mass 
of  fuel  to  mass  of  air  as  a  fraction  of  the  ratio  required  for  stoic, hiometr le  burning)  in 
the  range  0,63  to  0.70. 

The  pressure  perturbation,  p'(k.t),  is  measured  at  various  axlai  distances  *  downstream  of  the 
choked  nostle.  In  addition,  the  light  emission  from  short-lived  C.,  radicals  in  the  flame 

is  monitored.  The  optical  arrangement  is  straightforward.  A  screen  blanks  off  ail  but  a 

75mm  length  of  flam*.  An  image  of  this  portion  is  focussed  through  a  filter  onto  the 
photocathode  of  a  photomultiplier.  Two  nominally  identical  systems  ara  available.  The 
filters  ara  centred  on  616.7  and  SIR.Onm  with  bandwidths  of  3.2  and  3.6na  respectively,  to 
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pass  the  Ught  emitted  in  the  main  C,  transition.  lU.t)  denotes  the  output  from  the 
photomuitipiier  for  the  window  centred  on  <.  Hurle  et  al’  have  shown  that  under  certain 
conditions,  the  heat  release  rate  is  proportional  to  this  Ught  emission.  Previous  work1**15 
ha3  shown  that  this  is  a  valid  assumption  for  this  apparatus  under  limited  conditions, 
although  the  constant  of  proportionality  is  not  independent  of  large  changes  in  fuel  to  air 
ratio.  However  3  measurement  of  the  stagnation  temperature  rise  across  the  duct  length 
enables  the  photomultiplier  output  in  volts  to  be  converted  into  heat  release  rate.  We 
denote  the  heat  release  rate  in  the  window  centred  on  »  by  Q(».t),  which  may  be  decomposed 
into  its  mean  and  fluctuating  components,  Q(r)  and  Q'tn.t)  respectively. 

The  combustion  oscillations  on  this  rig  have  significant  cycle-to-cyci®  variations  and  tf 
they  are  to  be  successfully  controlled  by  feedback.  the  time  delay  in  tha  feedback  system 
must  be  kept  as  short  as  possible.  In  earlier  work,  Bloxsldge  and  others  noted  that  an 
additional  time  delay  of  one  cycle  labout  13  msl  led  to  a  iOdis  degradation  in  the 
performance  @f  the  controller.  No  aim  to  use  the  fluctuations  in  heat  release  rate  due  to 
Imposed  variations  in  fuel-air  ratio  as  our  control.  These  non-uniformities  will  eonveet 
with  the  fluid  from  the  solenoid  valve*  to  the  flame.  The  primary  fuel  manifold  is  so  far 
upstream  of  the  flame  in  our  premised  rig  that  the  time  delay  between  the  primary  injection 
of  fuel  and  its  combustion  is  prohibitively  large.  Consequently  when  implementing  the 
control  the  primary  supplies  of  fuel  and  air  are  kept  steady  and  a  secondary  unsteady  supply 
of  fuel  is  introduced  close  to  the  flame  holder. 

We  chose  to  use  automotive  fuel  Injectors  to  pulse  this  secondary  fuel.  These 
direct-acting  solenoid  valves  are  cheap,  rebuat  and  readily  aval (able.  They  have  the 
advantage  of  being  electrically  operated  with  a  response  time  of  less  than  l  «a:\  ensign 
calculations  showed  that  four  Injectors  were  required  t»  provide  sufficient  fuel  flew  rate 
to  control  the  instability.  The  eperatlen  of  a  fuel  injector  la  controlled  by  a  preset 
threshold  voltage.  Whenever  the  input  voltage  is  higher  than  this  threshold  the  injectors 
open.  The  delivered  maas  flow  of  fuel  depends  both  @n  the  pressure  in  the  supply  feeding 
the  injestsrs  and  on  th*  length  of  time  they  are  open,  and  is  related  to  the  Input  veitage 
In  a  non-linear  way.  Since  the  pressure  in  the  supply  cannot  be  changed  rapidly,  the 
eyele-to-eyele  variations  in  the  delivery  of  secondary  fuel  la  purely  a  function  of  the 
length  of  time  the  Injectors  are  open,  There  ate  two  disadvantages  to  the  Injectors.  The 
first  is  that  they  only  have  two  modes  of  eperatlam  they  are  either  fully  open  or  closed. 
Second,  tlandsi’  has  shown  that  nominally  identical  Injectors  require  different  pulse  widths 
in  order  to  deliver  the  same  volume  flow  rate  of  fuel,  these  differences  can  be  of  the 
order  of  0 . f>  ms.  This  means  that  there  would  be  radial  variations  in  fuel  to  sit  ratio  if 
the  Injectors  discharged  directly  into  the  rig. 

The  addition  of  a  secondary  supply  of  neat  fuel  in  a  premised  gas  st  a  location  elate  to  the 
flame  will  create  local  rich  spots  and  destabilise  the  flame.  We  must  therefore  ensure 
that  the  secondary  fuel  is  well  mined  with  air  before  it  is  incident  on  the  flame.  This 
else  ensures  that  the  effects  of  radial  differences  in  volume  flow  rates  from  the  injectors 
are  reduced  by  mining.  Consequently  sir  is  added  to  the  secondary  fuel  in  a  chamber  prior 
to  Injection  into  the  rig  (see  figure  2> .  Sapid  and  complete  mining  is  required  in  this 
chamber.  Mr  flows  steadily  into  the  chamber  through  a  choked  orifice  which  isolates  the 
air  supply.  The  fuel  enters  unsteadily  through  the  choked  injectors.  The  two  streams  meet 
in  perpendicular  directions  to  aantmWe  mining.  If  the  control  is  to  be  effective  the 
mining  chamber  must  be  flushed  in  s  fracticn  of  a  cycle.  This  time  is  estimated  to  be 
about  ?  ms.  The  chamber  was  designed  so  that  this  tima  delay  and  the  opr  .ting  titoa  of  the 
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figure  3.  Detail  of  nixing  device  for  the  secondary  fuel  and  air. 


injectors  are  snail  in  comparison  with  the  tine  taken  for  the  secondary  fuel  to  convent 
along  the  working  section  to  the  utane  holder.  This  is  of  the  order  of  t  ns,  or  half  a 
cycle  at  a  typical  frequency  of  the  combustion  Instability.  The  delay  represents  a 
reasonable  eenpremise  between  the  conflicting  requirements  of  minimising  the  time  delay 
while  ensuring  that  the  jets  ef  secondary  gas  enter  the  working  section  sufficiently  far 
upstream  of  the  combustion  sene  to  prevent  the  flame  from  stabilising  in  their  wakes.  It  is 
difficult  to  avoid  the  production  ef  such  an  aeivdu'namie  disturbance  since  it  is  important 
that  there  is  a  pressure  drop  between  the  wising  chamber  and  the  rig.  This  means  that  the 
secondary  gas  supply  is  insensitive  to  pressure  fluctuations  in  the  rig. 

U  is  worth  noting  that  the  requirement  ef  a  secondary  fuel  and  air  supply  far  control  is 
peculiar  to  a  premised  rig  and  would  net  apply  te  an  afterburner.  There  the  primary  fuel 
is  injected  sufficiently  close  to  the  combustion  region  for  modulations  in  this  fuel  flow 
rate  to  be  used  for  control. 

An  unsteady  signal  is  taken  from  the  rig  and  used  as  input  to  the  control  circuit.  The 

main  criterion  for  the  choice  ef  control  signal  la  that  It  should  have  a  large 
slgnal-to-neise  ratio  at  the  boas  frequency.  The  unsteady  light  emission  frem  e$  radicals 
close  to  the  exit  of  the  duct  and  a  pressure  upstream  ef  the  region  ef  eembustien  have  both 
been  successfully  used  as  central  signals.  The  (K  eemeenent  is  removed  from  this  unsteady 
signal.  it  la  then  amplified  and  a  suitable  time  delay  is  imposed  (see  figure  Ji .  A 
variable  offset  is  then  applied  to  this  signal  so  that  it  can  fee  adjusted  relative  to  the 
fuel  injector's  threshold  voltage.  The  offset  veltage  U  set  as  ©lose  to  the  threshold 
voltage  as  Is  practically  possible  since  the  difference  between  them  vili  limit  the 
effectiveness  of  the  control.  When  the  signal  exceeds  this  threshold  voltage  the  gate  ef 
a  power  transistor  controlling  me  current  to  t.ie  injectors  is  opened.  Thus  the  larger  the 
amplitude  of  the  control  signal,  the  longer  the  injectors  remain  open.  The  secondary  air 
inters  the  rig  sir  ,-liy  and  continuously  so  that  the  fuel-te-air  ratio  of  secondary  gas  Is 
varied.  Onee  the  time  delay  and  offset  voltage  have  been  chosen  to  give  optimum  control, 
they  are  fixed  during  an  experiment. 

In  the  experiments  to  be  described  in  this  paper  the  primary  mass  flow  ef  premixed  gas,  Ht, 
and  primary  equivalence  ratio,  f,,  are  set  to  produce  a  flame  of  the  required  stability. 
Secondary  air  flows  steadily  into  the  rig  with  a  mass  flow  rate,  which  is  unchanged 
throughout  all  the  experiments.  The  mass  flow  of  secondary  fuel,  m^,  not  only  depends  on 
the  proportion  of  a  cycle  over  which  the  injectors  sre  open,  but  also  on  the  pressure  in  a 
feedring  joining  the  inlete  of  the  four  injectors  denoted  by  pmj.  Vtie  slow  response  of  the 

pressure  regulator  controlling  means  that  it  decreases  whenever  the  injectors  sre  open 
and  rites  again  a*  they  ahut.  be  will  denote  the  mean  and  fluctuating  components  of  by 
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p(nj  and  ptnj‘  respectively.  The  secondary  mass  floe,  Mj,  and  ita  equivalence  ratio  ^ j  :  ‘ 

can  be  altered  in  the  following  four  ways. 

(i)  the  injectors  are  closed  and  there  is  no  secondary  fuel  flow,  m^j, so  that  =  0.0. 

(ii)  the  injectors  are  held  open  so  that  nifj  is  steady  and  with  no  unsteady  component 

v. 

(iii)  the  injectors  are  driven  by  the  signal  from  a  function  generator  at  a  range  of 
frequencies  so  that  and  a  ?j  ♦  4j'  have  a  mean  component  and  unsteady  component  of 

constant  amplitude. 

(iv)  the  injectors  ate  driven  from  a  feedback  signal  from  the  rig  so  that  ♦  $j',  where 

the  magnitude  of  both  the  mean  and  unsteady  components  depends  on  the  effectiveness  of  the 
coot  rol . 

Under  all  four  types  of  condition,  the  premised  gaa  downstream  of  the  secondary  supply  will 
have  a  total  mean  equivalence  ratio  associated  with  it,  where 

A  .  - - ()) 

Y>  lmM  •  mj  »  0.0675 

can  therefore  he  Increased  by  an  increase  in  either  4)  hr  ^j. 


The  mas*  flow  rate  of  the  secondary  p remixed  gas  is  approximately  n  &f  the  mass  flew  rate 
of  the  primary,  it  was  found  that  when  the  cent  re l  had  taken  effect  the  injectors  were 
open  for  approximately  one  fifth  of  the  time.  Thus  the  maximum  value  would  attain  is 

approximately  1,1,  linee  ire*  in  the  range  o.**  to  a. 19,  the  secondary  is  changing  by 


OC  temevea 
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figure  S, 

The  cent rol  system. 


aM»««lMt#ty  Hi>  t*»  total  equivalence  rati®  then  has  a  maximum  passible  range  @f  fs.fej  , 

0,fJ  for  »  G.*8.  This  range  will  be  significantly  reduced  by  time  delays  in  the  valves 
and  by  turbulent  diffusion. 
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3.  PERFORMANCE  OF  THE  CONTROL  SYSTEM 

The  time  delays  throughout  the  system  without  feedback  are  shown  in  figure  4  in  which  the 
response  to  a  pulse  in  v(t),  the  input  voltage  to  the  fuel  injectors,  is  recorded.  In  the 
example  the  primary  fuel-air  ratio  is  low,  ”  0.64,  and  the  combustion  is  stable.  This 

can  be  seen  in  figure  4(c)  10  le)  where  linear  disturbances  decay  after  the  pulse  of  fuel. 

The  irjectors  begin  to  open  when  6V  is  exceeded  in  figure  4(a).  Figure  4(b)  shows  that 
there  is  a  delay  of  1.3  ms  before  pinj,  the  pressure  behind  the  injectors,  begins  to  drop 

indicating  a  flow  through  the  Injectors.  It  takes  between  9  and  10  ms  before  the  unsteady 
pressure  0.725  metres  downstream  of  the  choked  nozzle, 

p‘ (0.725,1)  in  figure  4(c),  registers  a  deviation  from  the  previous  pattern  of  low  intensity 
oscillations.  Figure  4(d)  shows  the  response  of  light  emission  from  C}  radicals  from  a  75  mm 
length  in  the  flame  located  225  mm  downstream  of  the  flame  stabiliser.  The  rapid  rise  in 
the  light  emission,  and  hence  in  heat  release  rate,  at  this  location  occurs  almost 
instantaneously  with  the  rise  in  pressure.  At  a  downstream  location,  x  »  l.7lm,  the  rise 
in  heat  release  rate  occurs  1  to  2  milliseconds  later  as  shown  in  Figure  4(e).  However 
these  delay  times  are  not  determined  very  accurately. 


The  control  system  can  be  described  as  simply  imposing  a  gain  and  time  delay  on  the  control 
transducer  output  to  produce  the  fuel  injector  input.  More  complete  and  accurate 
information  on  the  required  control  system  can  be  obtained  by  driving  the  injectors  at. 
single  frequencies  as  in  (iil)  to  obtain  the  transfer  function  between  v(0,  the  input 
voltage  to  the  Injectors,  and  the  control  signal,  which  la  chosen  in  what  follows  as  the 
pressure  perturbation  at  t  *  0.725m  and  will  be  denoted  by  the  transfer  function 

between  v'{«)  and  p'„,  (the  Fourier  transforms  of  wit)  and  p,e|tO  respectively)  can  be  constructed 


from  this  information.  Standard  control  theory  can  theh  be  used  to  calculate  the  required 
characteristics  of  the  control  circuit.  The  gain.  in  this  analysis  is  related,  rather 
loosely,  te  the  value  of  the  mean  backpressure,  E^j. 
tiOf  . . 
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The  same  optimization  can  be  performed  experimentally  and  this  is  the  approach  in  this 
paper.  Langhorne,  Dowling  and  Hooper1*  describe  the  comparison  of  experimental  results  with 
the  predictions  of  control  theory.  The  effect  of  the  time  delay  across  the  feedback  circuit 
on  the  measured  pressure  band  level  PBL  in  the  range  0-400  Hz  at  c  0.725m  is  shown  in 
figure  5.  The  experimentally  determined  optimum  delay  is  near  3.5ms  and  values  in  the 
range  3.4  to  3.6ms  have  been  used  in  the  remaining  experiments.  We  can  see  from  figure  5 
that  the  time  delay  need  not  be  set  with  great  precision  in  order  to  obtain  a  reduction  *n 
sound  level. 


The  optimum  value  of  the  gain  is  also  determined  experimentally.  The  data  of  figure  3  are 
for  two  values  of  the  mean  backpressure  to  the  injectors,  plnj,-  that  is  for  two  values  of  the 

gain  of  the  control  system.  At  the  higher  value  of  pm),  a  significant  reduction  in  yai 


occurs  over  a  wider  range  of  delay  times.  When  la  reduced  the  data  become  more 

scattered  and  the  range  of  delays  over  which  a  reduction  in  sound  is  possible  is  smaller. 
Thus,  for  this  experiment  the  flame  can  be  stabilised  with  a  range  ef  possible  value?  of 
control  system  gain.  This  latitude  in  the  choice  ot  control  system  time  delay  and  gain  is 
reassuring  in  the  application  to  practical  devices  where  it  may  not  be  possible  to  maintain 
constant  conditions. 
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CONTROL  ON 


Figure  7. 

The  effect  of  switching  off  the 
control  on  t.he  Cj  emission  at 
*;■! .  JJS®.  Mote  the  change  of  scale 
between  control  on  and  control  off. 
Running  conditions  in  Table  1. 


5  shows  that  the  application  of  control  changes  the  axial  distribution  of  mean  heat 
release  rate,  as  well  as  increasing  Us  overall  level  due  to  the  increase  tn  without 

control  the  mean  heat  release  rate  has  a  maximum  close  to  the  gutter  ilp  and  then  decreases. 
ihU  is  also  a  characteristic  af  a  highly  perturbed  f U«e'->.  the  application  ef  control 
®*ve3  the  maximum  in  aean  heat  release  rat®  downstream,  a  feature  which  is  typical  ef  a  more 
stable  flame. 


60 


0  PM&muthetigc  1 
a  Phu!amui!ipi'*f  2 
•  Ptigtamuitipher  1 

j-  A  Phsiomuitipiief  2 


H 

net 


4-3 


6 


ft 

A 

a 


-Cant to-  an 
1  Canltai  git 

a 

$  a 

*  ft 

• 

* 


* 

A 


S 

A 

-A 


12 


14. 


u 


*JW#i** 


f I gate  t . 

The  atsal  dist rib-aiien  <•!  >,w h®at 
release  rate  with  wUne.ut 
sentr-i  te*  the  t-wr-ntfeg  8Pttgu’ii>n 
s«  Taste  5 . 


Wses  tMRMl  i*  af-^iledi  tw-a  mmmi  apir-sat  «rti*  s^-eeitnsfe..  (fee  tessaei'aat .  at  !M*a©  %p&  seaiis 
is  1«  ttes  ©spat  isies*  as  resists  ,w  fi«MA  i  t.$t  *•  am  #Uy  m  t-*nis.  n» 

ptitrafy  eqsjiw*  settee  fall®  was  gmssans  at  |,H  t«  ttess©  tests,  W  se-msA-taty  f-epS  s* 
tHaa.wwA  Shis'  g®&tt@s  is  sirs,  Th-e  MMmiiia  ^tu  is  finite  ®  ssigt*  *  sat t@*  @ass 
#*»  MM  W8*  da»  t@  a  e*cfe»sMAA  tee  sail  tteis  tii  aMx,  lMbM 

®s*  ise®teea  tw  wsstsgay  MjegMSts  @f  seMfg&ry  Ml  ass  mam  a  satat  f-a9i*ait 

tatl®.  f@t  tws  vaiws  »f  mm.  Wan  st  is  see*  tfcat  at  \m  vaSwes  a#  ute«*-  is  t«i«t«i 

t@  falSr  itee  sMipilltwstS  ©>f  sfce  Mail  test  tests  Is  less  steaft  She  Htr-tj-awi ihj  je-g  tOflji e  {****.. 

A§  "Seat-*  IS  ltegt'©ss@-i  tte©  ibeiii f  ledl  teats  pna4-  is  Tall  tee  l  tesiasteipa  test  a  ae-gAteS  .ass  s@  a 
tjWMiMM  *@#S  teesie^S®  a^-sat,  fit*  e$»iS«*St  f@»  test  s@sst@i  iyMM  is  dllOltelWlt 

in  *j»a.  it  Is  UdtiaMi  dww  tteiSi  t tee  fwal  Maw  slAiUbiM  It 

l at's-a .  Tlie  ©e  istsu-tee  :ap-s  teeteasie>st  @f  tfeeae  tn@  ?te'.gsee.-sies  as.  eatltees  eai-ses  @t  st-v  'sale' 
©a*.  ails®  tee  tA-etiktsMl  itAA  g@nst@i  ttsed**'-*,  A  wave  s@**l*t».*»5©<<i  «@«tt@i  gitsasit  i-s 
te.gsire*  i@t  *@aijiist.s  ss.ateisity.  we  tea*©  »st  'tuatssss  stela  testitest  @4«l«ls>»sl®si.  @«it  aim. 

teas  te»*«  simply  t<e  ttett  Mt*  <*&**»$  *A#H »«»'««  Met  «*•*  s»lta»a@  *»s  -? 

leijiieMtetlteg  tt»  teafittagt. 


11-9 


V 

i^ewJbsct  (S  w* 


IW' 

9 

>». 

. • *  *  *Ha 

A< 

• 

•  *°0a 

0 

6 

#  y>wi 

9 

' 

t  1 

S  ^re^row  * 

m* 

0  WOMMtetei 

°  1 

-■  ■  ■  r . .  •  •"  1,1 

0«uei'«y.Ki 

**,  jO.IJV  d,.  OH,  V 

fipuro  1.  7h»  cttMt  et  an  4ns*e»te>  if.  i«e  Sfi@«w 

BiSS  ptSSSUIS  9*i  tfc@  fUWSVte  SfSS*  *WS  «p«»V4* 

ft  th*  ti**e>  HtUed  »»«  vithsut 

whil#  selW  <nnv«»  Mte*  the  effect  ef 


m 


via9«  If,  tH*#s  e*  the  isvm&fg*  tuwiivnv 
ihe  i»f«ewv«a  pivtiui*  ami  *»eh  at  th#  unsteady 

and  it*  uttsiaB'ly  heat  release  ftu,  fats 
4f@  ljjtveft  t«t  it)  tSW  feWM  tte^WrtiSy  *M.h  SalilltA  Off 
and  u*t  it*  modified  ten  tiwfiaaf.y  amt  tat  ?fc# 
f**ds>*yV  f  tautens?  xitti  eanire)  «n.  teinvluy 
#*sdlitvna  tv  fable  1. 


transfer  functions  between  the  pressure  at  a*Ut  ^tUtat  a  aiona  the  duet  ana  the  • 
referofi&e  ptrosute,  Aidal/Ai^w),  have  beet*  neasufed.  Similarly  transfer  {unettsaiB, 

botwon  th#  unsteady  heat  release  rat*  in  tim  le«9  windows  centered  @n  a  and 

the  reference  pressure  Have  been  obtained.  An  effective  amt  telle*  should  Have  a  Jar-je  value 
of  the  modulus  sf  the  transfer  fensriefl,  |  3!».<e!'A\.*}U)|*  Hut  ensure  that  (Situ)  is  nut  ef 

phase  with  At.ulte  provide  effective  aanpiuu  ef  any  dUtorbassea***.  lie  therefor*  ettania# 
the  nudu.u*  and  phase  of  these  transfer  functions.  the  phase  of  the  transfe*  fiweti&os  is 
sheen  in  fissure  IS  (a)  for  the  buss  fr*«fae«ey  without  eon  t  tel  end  in  figure*  lOtei  and  t«t 
respectively  rot  the  modifies  huts  frequency  end  the  feedbeeh  fsefaehey  oust  control,  he 
both  the  buss  node  uiuaju«  control  end  tae  modified  hast  wed*  with  twetrol  the  phase  of  the 
pteeeute  a  ad  heat  telease  rate  lie  within  is®  of  each  other  treat  *«!.&*  to  the  end  of  the 
duct,  wwt  in  the  enw  of  uie  feedback  node.  the  aaUi  distribution  of  the  phase  of  the 
Cj  emission  is  indicative  of  the  convection  of  a  'hot  spot'  with  s  speed  of  apprewieetely 
dins*4,  this  is  the  velocity  of  tat  fluid  at  the  nutter  lip.  this  is  simile*  t©  the 
behaviour  of  low  intensity  buss4*  observed  on  the  basic  coot  190*01  i«a  of  this  *19. 


ll-to 


When  the  controller  is  on,  the  modulus  of  the  transfer  function,  |  <5(x,ta)/p(xref,u)  | ,  has  larger 
values  for  the  modified  buzz  and  feedback  modes  than  its  value  in  the  buzz  Mode  with  the 
controller  off.  This  is  illustrated  in  figure  11(a).  Thus  our  controller  exhibits  similar 
properties  to  the  controllers  of  references  3  to  5.  When  |5(x,«)/p(xrej) |  is  multiplied  by  the 

square  root  of  the  power  spectral  density,  </Sp(<b)  we  obtain  a  measure  of  the  unsteady  heat 

release  rate  from  each  75mm  window  in  the  flame.  This  quantity  is  plotted  for  the  three 
pertinent  frequencies  in  figure  11(b).  At  a  position  just  downstream  of  the  gutter  lip 
(la  1.3m),  the  unsteady  heat  release  rate  at  the  buzz  frequency  without  control  exceeds  that 
at  the  modified  buzz  and  feedback  peaks  with  control.  This  results  in  a  significant 
reduction  in  the  unsteady  heat  release  rate  towards  the  end  of  the  duct  when  the  control  is 
applied. 


Table  l.  This  la  a  measure  of  unsteady  heat  release  rata. 


Running  eonditlona  given  In  Table  1. 

The  origin  of  the  two  low  frequency  peaks  in  the  controlled  spectrum  can  be  further 
iilust rated  by  examining  the  Hayleigh  source  term  at  these  frequencies.  This  source  ten# 
has  been  written  down  hy  Chu'1’  and  is 


(2) 

o  pc* 


where  Jf  is  the  ratio  of  specific  heat  capacities 
L  is  the  duet  length 
p  la  the  legal  mean  density 
c*  la  the  ideal  mean  sound  speed 

S'  la  the  f iietuat lug  component  of  heat  release  rate  par  unit  length 
p'  is  the  fluctuating  component  of  pressure. 

The  overbar  denotes  a  short  time  average  over  one  period  of  the  eaaUlatlen.  if  this 
integral  is  negative,  it  indicates  that,  on  average,  the  acoustic  disturbances  are  dampened 
by  the  unsteady  combustion  and  the  system  is  stable.  When  It  in  positive,  however, 
disturbances  gain  energy  from  the  combustion.  If  this  energy  gain  is  greater  than  that 
lost  on  reflection  at  the  boundaries,  linear  perturbations  will  be  unstable. 

The  hayleigh  source  ter*  can  be  calculated  fro*  two  sets  of  transfer  functions,  pU.ul/s^tu) 
and  <Xi.u)/prt|(w),  for  each  of  the  frequencies  of  interest,  the  product  tl-U/ptT*  only 

enanaes  by  about  J*  along  the  duet  and  this  variation  will  be  ignored, 
the  quantity 


has  been  calculated  for  each  window  at  the  feuaa  frequency  without  control  and  at  the 
frequencies  of  both  the  feedback  mode  and  the  Modified  butt  node  with  cent  re  1 ,  The  results 
of  evaluating  equation  \Jt  are  plotted  in  figure  12.  again  Sf(u)  denotes  the  power  spectral 

density  of  the  reference  pressure,  while  At  ia  the  phase  dif  teren&e  between  &«.«*)  and  <X«,w). 
ViU-m)  is  the  real  part  of  the  cross-power  spectral  density  of  pU.0  aui  dOu).  when  it  is 
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Figure  12. 

The  cross-power  spectral  density  of 
p(x,t)  and  Q(x,t)  plotted  as  a  function 
of  axial  position  for  the  burr  mode 
without  control  and  for  the 
modified  buzz  and  feedback  modes 
with  control  for  the  running 
conditions  in  Table  1. 


multiplied  by  (tf-O/pc2,  it  gives  the  contribution  to  the  Rayleigh  source  term  in  oquation 
(21  from  disturbances  of  frequency  «  in  the  window  centred  on  x.  Hence  when  data  for  each 
frequency  in  Figure  12  are  summed  along  the  duct,  they  indicate  the  net  energy  gained  from 
the  combustion  by  acoustic  disturbances. 

It  is  apparent  from  Figure  12  that  without  control  the  Rayleigh  uouree  term  is  large  and 
positive  at  the  buxz  frequency,  This  source  term  is  clearly  reduced  in  amplitude  when  the 
controller  is  switched  on  (note  the  change  of  scale).  However,  it  is  undoubtedly  still 
positive  at  the  higher  of  the  two  frequencies  indicating  some  driving  from  the  combustion. 
This  is  the  disturbance  we  have  identified  as  the  modified  bust  mode.  At  the  lower 
frequency  there  Is  little  net  destabilising  contribution  along  the  duct.  This  mode  Is  at 
such  a  frequency  that  it  is  augmented  by  the  addition  of  fuel  with  the  time  delay  required 
to  cancel  the  buss  frequency.  We  have  therefore  called  this  the  feedback  made. 

Figure  9  illustrates  that  the  application  of  control  has  significantly  reduced  the  sharp 
peak  in  the  unoontrolled_pressure  spectrum.  Table  1  summarises  the  performance  of  the 
controller  tor  the  case  P|„j  -  333kFa.  With  the  totel  air  flow  rate  and  the  primaty 

equivalence  ratio  constant,  the  addition  of  31  more  fuel  hes  reduced  the  FBI  within  3do  of 
the  peak  at  the  buss  frequency  by  at  leant  I2di.  In  the  range  0-4001U  the  controlled 
acoustic  power  is  reduced  to  181  of  its  uncontrolled  value.  in  the  prevloue  experiments  on 
this  rig  where  the  Ineteblllty  was  controlled  purely  by  aerodynamic  fluctuations,  the 
unateedy  Mia  flow  required  waa  at  leaat  31  of  the  total  maas  flow.  Thin  ia  well  over  20 
times  the  amount  of  fluid  which  now  mutt  be  fluxed  unsteadily.  At  well  as  ;ht>  reductions 
in  sound  level  there  is  en  Increase  of  10k  in  the  gauge  pressure,  dp,  upstream  of  the  flame. 
This  Indicates  that  more  combustion  occurs  within  tha  duct  when  controller  is  on. 

in  Table  1  we  have  only  considered  the  effect  of  applying  active  control  on  the  broadband 
sound  power  at  the  reference  position.  The  FBL  over  the  bandwidth  0-40CUU  along  the  entire 

wording  section  la  shown  in  figure  13.  The  application  of  active  control  reduces  the  FBI 

at  ail  locations  In  the  duet,  despite  the  change*  in  frequency  and  mods  shape. 

We  saw  in  Table  1  that,  Ap,  the  gauge  pressure  Just  upstream  of  the  flame  Increased  by  101 
when  the  controller  was  switched  on.  This  means  that  mere  heat  is  reietsed  within  the  duct 
and  the  thrust  is  increased.  Figure  U  explains  why  this  occurs.  It  shows  Ap  to  be 
roughly  proportional  to  the  overall  eguiwalsnce  ratio,  tr<  and  that  a  similar  improvement  in 
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Figure  14. 

The  effect  of  total  fuel  to  air 
ratio  on  Ap,  the  gauge  pressure 
upstream  of  the  flame,  for  various 
methods  of  fuel  addition. 
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Kent  the  controlled  ease  compares  with  alternative  fuelling  schemes  for  the  same  ©verail 
equivalence  ratio.  The  same  value  of  ft  could  he  achieved  by  adding  ware  primary  fuel  or  by 
the  steady  in  Sect  ion  of  secondary  fuel  as  in  Hi)  . 

Figure  IS  shews  data  collected  by  injecting  the  secondary  mass  flow  as  in  eases  tit,  (lit 
and  Uvl  above,  and  plotting  buss  frequency  against  calculated  fro*  equation  tit.  As  we 
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modifted  tuts  mode 

Mo  Control  an  Unsteady  secondary  loei. 
leedoou  mode 


* 

40 

?#* 
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The  effect  @f  total  fuel  t@  air 
ratio  e«  the  dgwinant  frequency. . 
&»t*  ore  shewn  foe  various  Methods 
of  fuel  addition. 
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have  seen  in  f inure  9  for  case  (iv)  when  the  control  is  on,  there  are  two  frequencies  at 
each  value  of  fj.  Clearly  the  data  for  the  modified  burr  frequency,  along  with  that  for 

cases  (i)  and  (ii)  show  that  the  buzz  frequency  is  determined  primarily  by  the  total 
equivalence  ratio  rather  than  the  location  at  which  fuel  is  added.  As  we  might  expect,  the 
feedback  frequency  is  anomalous  on  this  figure. 


In  contrast  to  the  frequency.  Figure  16  shows  that  the  stability  of  the  flame/duct 
configuration  with  steady  fuelling  is  influenced  by  the  proportions  of  primary  and  secondary 
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Figure  16. 

The  effect  of  the  total  fuel 
to  air  ratio  on  the  pressure 
band  level  within  3dB  of  the 
peak  and  on  the  pressure  band 
level  over  0  to  400  Hr, 

Dotted  curves  are  drawn 
through  data  at  constant  4i> 
Fuel  is  added  to  the  system 
by  various  methods. 
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f««l  whieft  result  in  a  given  Curves  are  drawn  through  points  at  a  eanetant  value  of 

4,,  with  4f  being  ineraased  by  the  steady  addition  of  seeandary  fuel.  For  enampie,  all 
value*  of  Pttl.  are  higher  for  4»  *  0,0  than  they  are  far  4i  *  0.6I  despite  the  feet  that 
there  Is  region  where  the  values  or  4,  ever  lap .  Therefore,  this  diagram  shews  that  addition 

of  fuel  at  the  Ideation  of  the  secondary  injectors  is  less  destabilising  than  mining  the 
same  amount  into  the  primary  flaw.  if  this  were  simply  due  t@  the  fast  that  lees 
eemfceatioh  took  plate  is  she  dust,  them  the  gsune  pleasure  upstream  @#  th»  flame  should  a‘ao 
be  relatively  insensitive  to  the  addition  of  fu  }  sv  the  seeenaaty  injectors.  Figure  14 
show*  that  this  u  not  the  rase  usd  that  6#  1  a  *  f  -d*  4t»  •  itdaeendsni  of  the  location 

of  fuel  addition,  si.  is  likely  shat  the  distribution  or  the  Joel  at  the  fiwm-  holder  is 
the  important  factor  in  determining  the  stability  in  this  ease. 


lh  table  l  we.  compared  results  at  the  saw  4,*  wits  «,2  »  e  in  the  m  control  ease.  Ah 

alternative  test  fsr  the  effectiveness  of  the  eemsreller  would  be  is  compare  results  for  the 
**»*  4»  4t  “its  ana  without  control.  la  this  seeiparison  the  no  control  ease  would 
involve  the  steady  addition  of  secondary  fuel  to  give  the  same  value  ef'Sy|  as  when  the 
eons  toiler  switched  m.  For  crumple,  the  controlled  ease  for  4,  *  §,«•  jpeint  A  m  figure 
161  is  compared  with  point  i  is  table  1 .  if  the  comparison  is  performed  at  constant  4i  and 
4»  lfc*  effect  iveness  of  the  cost  toller  would  be  Measured  &§  the  difference  between 

point  A  and  paint  e,  it  is  apparent  free  Figure  U  that  these  two  different  eowoarlsons 
lead  to  no  appreciable  difference,  in  the  measured  effectiveness  it  *he  controller.  ' 
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Oltirastsly  the  question  we  oust  ask  is  whether  increased  thrust  can  be  obtained  while 
maintaining  reasonable  noise  levels.  Figure  17  compares  thrust  with  pressure  spectrum  level 
over  the  0  to  400Hz  range  for  various  methods  of  fuel  addition.  An  ideal  controller  would 
place  points  in  the  top  left  hand  quadrant  of  this  diagram,  in  spite  of  its  simplicity,  our 
controller  produces  the  greatest  thrust  for  a  given  value  of  pressure  band  level.  The  main 
advantage  of  the  controller  is  also  illustrated  in  this  figure.  It  enables  a  flame  to  burn 
in  the  rig  at  a  higher  total  fuel-air  ratio  than  is  possible  without  control.  This  results 
in  an  increase  in  the  maximum  available  thrust . 


Figure  17. 

Scatter  diagram  of  the 
pressure  band  level  over  0  to 
400  Hr  compared  with  the 
thrust  for  various  methods  of 
fuel  addition. 
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4,  CWCbUSKINS 

ee«bu*tien  oscillations  in  a  114  HW  burner  ean  be  stabilised  by  the  unsteady  addition  of 
extra  fuel,  a  suitably-phased  addition  of  1%  mere  fuel  reduces  the  i««da  peak  in  the 
pressure  spectrum  due  te  the  combustion  oscillations  by  about  Ud8.  the  acoustic  energy  in 
the  0-4®0tts  bandwidth  is  reduced  to  14%  of  its  uncontrolled  value,  the  controller  enables 
the  rig  te  run  at  high  fuel-air  ratios  at  which  it  is  impossible  to  stabilise  a  flame 
without  centre!,  this  leads  te  an  increase  in  the  maximum  available  thrust. 


the  centre)  syste*  exploits  she  chemical  energy  in  the  fuel  to  alter  the  aeeustie  energy 
balance  in  the  duct,  Mlatively  little  mechanical  power  it  seeded  to  produce  the  required 
unsteady  fuel  injeeticn.  hence  this  netnod  ef  feedback  has  emeicerable  potential  for 
full -scale  applications. 
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DISCUSSION 


N.  t.  Bessor ,  G« 


Is  it  possible,  to  apply  th«  presented  method  of  instability 
attenuation  to  higher  frequencies  -  perhaps  with  a  nod if iod  equipment . 
This  could  be  of  interest  for  applications,  when  passive  daapers 
cannot  be  used,  e.g.  due  to  cooling  problems. 

Author's  Keply: 

There  is  no  reason,  in  principle,  why  this  nethod  could  not  be  applied 
to  attenuate  higher  frequencies.  However,  the  time  delay  between  the 
input  signal  to  the  actuator  and  the  response  of  the  combustion  system 
should  be  anall  with  respect  to  the  period  of  the  oscillation.  Of 
course,  the  higher  the  frequency  the  shorter  this  period. 

helloed,  Ft 

Did  you  make  any  experimentation  to  control  by  an  active  mean  the 
first  tangential  mode?  (higher  scale  2004-3000  Ha).  Do  you  know 
if  this  kind  of  experimentation  has  been  done  before? 

Author's  Keply: 

So,  we  have  not  attempted  to  control  anything  other  than  the 
longitudinal  made.  1  art  sorry  but  1  do  not  know  of  any  such 
experiments. 

C.  H.  Coats,  US 

with  the  particular  method  of  control  you  are  using  you  ate  adding 
both  heat  sad  mass  at  the  position  of  the  stabiliser  at  a  particular 
point  in  the  cycle  -  can  you  be  turn  that  it  is  the  heat  and  not  the 
mass  addition  that  ie  suppressing  the  oscillation? 

Author's  Keply: 

Tea,  there  is  the  doubt  that  it  is  the  addition  of  heat  rather  than 
the  addition  @f  mass  at  the  ftaneheldet  which  is  stabilising  the  flase 
In  previews  experiments  en  this  rig  in  which  the  instability  was 
esnmlled  purely  by  aerewynamic  fluttsatienx,  Kloxsidge  et  al  UV> 
found  it  necessary  to  unsteadily  modulate  ever  24  tines  the  amount 
of  fluid  being  finned  tn  these  experiments.  To  make  absolutely 
certain,  we  have  also  performed  a  test  with  pulsed  atr  replacing  the 
pulsed  fuel.  Steve  this  additional  pulsed  supply  is  only  5. IK  «f  the 
total  flew  rate  it  had  net  effect  ef  the  neaaured  pressure  spectrud. 
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NUMERICAL  SIMULATION  OF  PRESSURE  OSCIUATIONS 
IN  A  RAMJET  COMBUSTOR 
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Surest)  Ha non,  Raaaarcb  Scientist 
Flow  Research,  inc. 

21414  -  6»th  Avenu*  South 
Kent,  Washington  98032 
U.S.A. 


SUMMARY 

Larqe-eddy  sisuletions  of  coapressibl*  cold  flow  in  a  raejst  coubustor  configuration 
were  perforaed.  The  objectives  were  to  investigate  the  mechanises  for  vortex-acoustio 
interaction  in  such  a  device  and  to  develop  a  simulation  Method  that  can  be  extended  to 
cases  with  coebuation  heat  release  to  study  coebuation  instability.  Fro*  the 
simulations,  it  was  found  that  the  separated  shear  layer  rolls  up  into  concentrated 
vortices  that  verge  to  for*  large  coherent  structures.  These  vortices  interact  with  the 
choked  nossle  downstreaa  to  produce  an  axial  aeoustio  dipole.  The  spec true  of  the 
pressure  fluctuation  at  the  base  of  the  backward-facing  step  shows  that  there  are  two 
type*  of  oscillations!  an  acoustic  resonant  sad*  and  a  vortex-acouatic  coupled  sod*. 
Based  on  the  flow  physics  observed  in  the  sisuletions,  a  simple  one-dinensional  model  for 
the  vortex-acoustic  coupled  soda  was  proposed.  The  eigenvalue  p  cob  lea  based  on  this 
aodel  was  solved  to  obtain  the  frequency  of  the  coupled  sods. 


ABSTRACT 

A  nuserical  sisulation  technique  has  been  developed  for  investigating  the  oscilla¬ 
tory  cold  flow  in  a  rasjet  cosbustor  configuration,  sieuietions  wars  conducted,  and  the 
results  are  prsssnted  and  enalytad  hare.  The  sain  abjective  of  the  eisuletion*  wee  to 
investigate  the  interaction  between  the  vortioity  component  and  the  atcuatic  coeponent  of 
the  flow  field  when  the  reduced  frequency  et  the  flew  based  on  the  speed  of  sound  is  of 
the  order  of  unity.  In  constructing  the  numerical  aodel,  it  yea  found  that  the  interior 
of  the  cosbustor  auat  be  leelated  fro*  the  external  region  by  a  choked  noiale.  The 
resulting  nuserical  sisuletions  are  able  to  exclude  the  effects  of  the  artificially 
lspoead  boundary  conditions  et  the  outflow  boundary. 

Flow  vleuallxatlone  end  frequency  spectra  of  the  vcrttelty  end  pressure  fluctuations 
have  teen  sna'yiod  to  understand  the  flow  field,  it  appears  that  the  pressure  fluctua¬ 
tion  et  the  base  of  the  backward- facing  step,  a  signal  taken  ee  acoustic  in  nature,  con¬ 
tains  only  low-frequency  coeponent*.  This  is  in  contract  to  the  frequency  spectrua  of 
the  vortioity  fluctuation  in  the  free  shear  layer  near  the  separation  point,  which  con¬ 
tains  both  high-frequency  and  low-frequency  eoaponenta.  The  vortioity  fluctuation  at  the 
location  where  the  shear  layer  laplnges  on  the  nettle  well  also  contains  only  lew 
frequency  eaepantatt.  the  unsteady  flew  fields  near  the  sheer  layer  eapexat  ion  point  and 
In  the  nettle  region  have  also  been  investigated.  It  appears  that  the  boundary  lay#* 
ieesdiateiy  upetraan  of  the  eaparatioe  point  is  perturbed  by  the  low-frofoeney  pressure 
fluctuation  at  the  baee  ef  the  step,  the  perturbation  is  then  anplified  downstream  by 
the  shear  layer  instability,  in  the  nettle  region,  the  Mach  number  in  the  subsonic 
region  fluctuates  et  a  high  amplitude  when  a  vortical  structure  impinges  on  the  hotels, 
however,  the  Hash  oueher  in  the  supersonic  region  downatrsaa  a i  the  throat  retains  tta- 
tionary. 

Mean  flow  quant  it  lea  and  higher  sonants  were  eaeputed  ny  averaging  tbs  tunning  tine 
to  evaluate  the  contribution  of.  the  coherent  structures  to  the  transport  of  ocean  turn, 
the  teauita,  when  coepatsd  to  avaliablt  -  experlnental  data  for  «  tve-diauMional 
backward-feeing  step  configuration,  show  good  agrees  ant  over  the  eajority  of  the  flew 
region t  the  large  heals  structure*  are  faithfully  eiesilatei  and  are  the.  win  contributor 
to  the  tranapgrt  ef  naoertsu. 

An  attempt  wee  made  to  extract  acoustic  intonation  free  the  result*  of  the  numeri¬ 
cal  eieeletiooe  by  computing  the  instantaneous  dilatation  field,  which  i»  shown  to  drive 
the  unsteady  potential  flow,,  l.o.,  acoustic  disturbances,  tt  terns  out  that  the  near- 
field  dilatation  contain*  umlniy  the  onatacterutlto  of  the  eoMd  oeerooe.  the  qeadre- 
pele  nature  uf  the  eound  eeurco  atuemd  each  large  ■  scale  verta*  m  the  flew  field  le 
clearly  dunenetratud.  The  coeplex  UttriMM  dilatation  fluid  tear  the  ispinguuent 
point  et  the  shear  layer  ee  the  nes«i*  ueU  la  considered  aa  a  eopwt  aceeetic  eeuree 
and  la  analytod  by  ewitlpelo  e  spams  lex  ef  the  .distributed  field,  The  teauita  shew  a 
strong  aximi  ecuestic  dipole  at  the  *a**i*,  the  dipeie  flucteatiee  is  lie  dogmas  uut  of 
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phase  with  the  impinging  vorticity  fluctuations.  This  result  can  bs  applied  as  the 
impedance  for  the  vorticity-acoustic  fluctuations  at  tha  noasls.  Uovavar,  tbs  propaga¬ 
tion  aspects  of  the  sound  field  cannot  aasily  be  visualised  in  a  near  field.  The  spectra 
of  the  pressure  and  vorticity  fluctuations  at  selective  points  were  analysed  to  ravaal 
tha  existence  of  two  types  of  fluctuations.  One  is  the  resonant  acoustic  mode,  in  which 
the  vortical  disturbances  excite  the  acoustio  free  modes.  The  other  is  tha  coupled  mode, 
in  which  the  acoustio  disturbances  and  the  vortical  disturbances  are  coupled  through  the 
dipole  radiation  at  the  nossle  and  the  acoustic  susceptibility  of  the  separating  shear 
layer  at  the  dump  plane,  A  simple  modal  for  the  coupled  mode  is  proposed  to  explain  the 
latter  mechanism  and  to  provide  an  approximate  method  for  estimating  its  freguanoy. 


1.  INTRODUCTION 

A  substantial  research  effort  has  been  initiated  to  increase  our  understanding  of 
tha  mechanism  for  instability  in  ramjet  combustor  flow  fields.  This  effort  could  lead  to 
tha  development  of  methods  for  suppressing  the  Instability  and,  hence,  to  improvements  in 
the  performance  of  ramjet  engines.  Typically,  the  instability  manifests  itself  in  the 
form  of  large-amplitude  pressure  oscillations  in  the  low- frequency  range  of  a  few  hundred 
harts.  These  pressure  oscillations  can  causa  structural  damage  or  result  in  aystem 
failure  caused  by  the  expulsion  of  the  inlet  shock.  The  exact  mechanism  of  these  self- 
exclteJ  oscillations  is  not  entirely  clear.  According  to  the  linear  canonical  decomposi¬ 
tion  of  the  governing  equations  for  email  disturbances  in  an  infinite  coepreeeible 
medium,  three  types  of  waves  can  be  sustained  in  e  moving  medium.1  These  are  the  two 
families  of  acoustic  waves,  the  vorticity  wave,  end  the  entropy  wave,  in  e  free  space, 
these  infinitesimal  wave  motions  are  linearly  independent.  However,  in  nonlinear  cease 
and  In  a  closed  domain  such  ae  a  ramjet  combustor,  thess  disturbances  may  Interact 
through  resonant  phenomena  and/or  through  boundary  effects.  Therefore,  there  is  e  funda¬ 
mental  question  of  how  these  wave  phenomena  may  couple  together  in  e  finite  bound  domain 
to  form  eigenmode  oscillations  with  a  discrete  frequency  spectrum,  these  eigenmodea  ere 
potential  candidates  for  high-asplitvd#  excitation  when  combustion  occurs. 

Clgenmode  oscillations  Involving  only  one  wave  component  have  been  explored  exten¬ 
sively.  examples  including  only  acoustic  wave*  are  the  well-known  acoustic  duct  sods*. 
These  oscillations  say  ha  excited  by  distributed  sources  in  s  closed  domain  and  are 
celled  "resonant  oscillations*  in  the  present  paper.  Crispins  including  only  vorticity 
waves  can  he  found  in  tha  so-called  edge  tone  oscillations,  which  haws  bean  studied 
extensively  te.g. ,  Rockwell  end  Naudaschsr*}  and  have  recently  been  simulated  numerically 
by  Wiring,  *  who  considered  the  incompressible  fluid.  The  interaction  between  an  imping¬ 
ing  vortex  and  the  leading  edge  of  a  plate  produces  disturbances  that  provide  the  pertur¬ 
bation  at  the  jet  exit  upstream  for  the  initiation  of  a  new  Vortex,  This  upstream  feed¬ 
back  sechtnis*  in  the  Inccepressihle  flow  is  through  Siot-Xavart  induction,  The  feedback 
is  instantaneous,  as  the  speed  of  signs!  trsnssiusion  in  the  incompressible  Halt  is 
Infinite. 

8lst-davart  induction  is  dynamically  suaMngful  only  in  th*  ineonpraeaible  limit 
-whan  the  reduced  frequency  based  on  th*  speed  of. wound  approach**  ***o,  1.*., 

t 

ubmr*  t  is  th*  ftequancy.  i  l*  the  characteristic  length  of  th*  domain  of  int*t«at.  which 
1*  considered  an  on* -quarter  of  *  wavelongth  .for  acoustic  wave*,  and  a  la  th*  speed  of 
-  sound,  this  criterion  certainly  cornet  be  mat  wh*n  th*  entire  spectrum  of  turbulent  flow 
fioctoattome  1*  considered,  for'  example,  tha  pressure  fluctuations  under  a  turbulent 
boundary  layer  war*  considered  by  f roues  ttillishe,*  ns  showed  that  th*  low-frequency 
spectres  is  doilnsted  by  th*  propagating  acoustic  waves.  Wham  th*  sieve  condition  la  not 
satisfied,  tha  tr*n**i  melon  speed  of  flow  information  upstream  1*  iisltad  by  th*  sgood  of 
'  sound,  and  «  phase  dlfforonc*  between  tha  signal  at  tha  saurc*  l statin*  ami  at  th*  point 
of  IMiMt  may  Mist.  '  there  for*,  acoustic  waves  asst  ba  considered  as  part  of  the  ays- 
t**,  Th*  resulting  oscillation  nay  consist  Hr  both  convective  component*  and  *teo*tlc 
coapanaeta,  tni*  type  of  oscillation  is  referred  to  as  *  "coupled  mads*  oaclliatlon  in 
-tha  present  paper,  in  a  typical  coohustsr,  th*  todoead  frees  secy  is  of  th*  order  of 
unity-  the  tocouptoeeihlo  xodel  u  them  inappropriate. 

heaonaet  acoustic  modi*  oacitod  by  turbwloet  coahuatien  have  hose  studied  as  a 
macsaniav  for  coshustiom  InmUhliity.  hnwovic.  the  fraqssacy  of  the  Observed  oscilla¬ 
tions.  ip  many  cases,  differs  free  tha  eigenftoqeemcy  at  the  e  raw  Stic  duct,  model.  'Hero 
coapiea  pdqrsico  involving  convective  waves,  l.s.,  entropy  and  vorticity  waves,  say  ha  tha 
causa  at  the  deviatiea.  tmtrvpy  wev*/ec»ostlc  wave  coupling  wee  tugguutoi  ay  Aauweeif 
ot  el.*  as  e  nocheaiaa  far  cuauetien  instehiUty.  Mewevor,  the  twUef  vector  aheddlng 
we*  mat  ceaaidetea.  th  cent  root  to  th*  aaiel  ay  Aheueelf  at  ai.,*  aaaa .  aaperjaeotal 
'fNljMtii  t#  tm  (if  ddttdd'  iHiiilllt  In  cmMnhMJUMI  fiwi 
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vortielty  fluctuations  may  interact  with  ths  acoustic  wava  dirsctly  and  may  alao  affaot 
combustion  through  their  affacta  on  mams  and  heat  transport.  Tha  unsteady  combustion 
ralatsd  to  vortex  ah  adding  may  ganarats  acoustic  disturbancas.  Vortax  shadding  and  tha 
vortsx-noxale  intaraotion  wara  suggastad  as  parts  of  tha  systam  important  to  combustion 
instability.*  this  possibla  coupling  batwaan  acoustic  vavas  and  vortical  disturbancas 
promptsd  Crocco  and  Sirignana*  to  study  theoretically  tha  acoustic  reflection  coefficient 
of  a  choked  nossla  subject  to  ispingsmsnt  by  a  vortical  disturbance,  tha  study  of 
vortex-acoustic  interactions  in  a  noxsle  under  a  cold-flow  configuration,  such  aa  tha 
theoretical  work  of  crocco  and  Sirignano,  9  is  an  asaantial  first,  step  to  untangling  tha 
intricate  interactions  among  all  wave  components  leading  to  combustion  instability. 

tha  objective  of  tha  present  investigation  is  to  understand  the  interaction  batwaan 
tha  vortax  dynamics  and  acoustic  waves  in  a  generic  combustor  geoeetry.  Since  at  present 
combustion  has  not  bean  considered  in  thie  investigation,  direct  inference  from  tha 
raaults  of  this  investigation  to  combustion  instabilities  is  inappropriate.  However,  the 
basic  understanding  of  the  cold  flow  ss  well  as  the  methodology  developed  in  tha  present . 
investigation  may  provide  a  sound  basis  for  extandiag  tha  analysis  to  a  combustion  flow 
field. 

Because  of  the  complexity  of  the  problem,  an  analytical  solution  to  tha  governing 
equations  with  coaplex  boundary  conditions  is  not  possible,  in  particular,  complex 
vortex-merging  process* ■  and  tha  resulting  acoustic  disturbances  are,  difficult  to  analyse 
unless  drastic  approximations  are  used,  numerical  simulations,  it  performed  properly, 
may  provide  important  information  for  understanding  tha  physics,  in  this  paper,  we 
report  tha  results  of  our  attempt  to  develop  a  numerical  methodology  and  methods  of 
extracting  the  physics  from  the  numerical  simulations.  He  alao  present  a  detailed 
analysis  of  the  simulation  results  to  extract  information  on  the  vortex-acoustic  intarao¬ 
tion. 


3.  StaWhlChb  Moots. 

Urn  governing  aquations  are  tha  unsteady  .-  caaprr  tsibis  ttavier-Stokms  squat  lone  t 
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wh*r*  flow  variable*  are  given  by  their  conventional  potation*  *i*d  f 
diadiea,  f  is  the  shear  *tr**o  tensor,  f  ie  the  heat  flux  vector,  ft  in 
and  w  im  the  total  enthalpy,  .  thcae  eguxtien*  are  supplemented  by  the 
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where  *>  and  «  ste  tha  coefficient*  of  aineoatlc  viscosity  ana  thermal  conductivity, 
respectively,  the  above  eguauena  were  solved  in  asisyooetric  form,  the  approximation 
of  mm  ewiaymoatrio  configuration  require*  justification.  Our  abjective  is  to  investigate 
'the  interaction  between  low- frequency  ptmeawrc  eeoillatleme  and  the  dynamic*  of  large 
Vettlcee.  '  tow  rragwency  l«  usually  aatoelatad  with  Iwnfltwdlnsl  acoustic  wove*,  touch 
*f*  Ufcely  te  rwfijitr  in  *n  amlmyometric  meaner.  If  lstge  vertices  ere  coupled  to 
theme  eeewetie  oovem,  the  collie*  1*  likely  to  be  approximately  ewioyeaotsie.  toils  the 
eosil-oeale  turowlenco  ie  throe-dimensional  in  nature, .  it  iw  smmwoaO  te  provide  only  a 
dioaipativo  mechanism  to  the  latto-mcole  pmeneoeoao.  whether  the  dyoeoico  et  the  imt$e- 
•ssaie  phenomena  le  critically  drpondont  to  the  aoauot  of  dieaipmtu*  con  be  later  ea to¬ 
uted  by  varyleg  the  dissipation  coefficient*  in  the  geweraimg  opeatioma.  t*  this  manned 
the  itolnar  dimeipativo  coefficient*  ore  band  aa  o  nipple  oehgria  ooeel. 10  toitoieto. 
the  proetot  oedol  only'  paelifim*  aa  a'  large  eddy  simulation  pedal,  which  contains  a 
dag  me  of  wncartainty.  however,  we  beliovo  that  tha  oaaaetul  physic*  of  is*  wrtai' 
acowdtic  intmrectlao  la  coetaimod  to  this  papal. 
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These  equations  are  solved  in  the  domain  shown  in  Figure  la.  On  all  solid-wall 
boundaries,  no-slip  and  adiabatic  boundary  conditions  are  applied,  i.e., 

~ff  =  0  on  Solid  Surfaces  (10) 

=  0  on  Solid  Surfaces  (11) 

At  the  entrance  of  the  inlet  pipe,  the  flow  is  assumed  to  be  parallel  with  the  prescribed 
uniform  stagnation  pressure  and  stagnation  temperature.  We  are  aware  that  the  notion  of 
"stagnation  pressure"  is  not  well  defined  in  an  unsteady  flow-  The  application  of  these 
upstream  conditions  implies  certain  "impedance"  conditions. 11  In  practice,  the  impedance 
condition  depends  on  the  flow  field  upstream  of  the  computational  domain.  It  is  impor¬ 
tant  that  this  boundary  condition  does  not  artificially  excite  flow  oscillations  inside 
the  computational  domain.  The  characteristics  of  the  impedance  condition  as  applied  here 
were  examined11  using  a  linearized  analysis,  and  the  condition  was  proven  to  be  of  the 
damping  type.  Hence,  the  simulated  flow  field  is  only  a  particular  class  of  solutions 
under  the  assumed  upstream  impedance  condition.  Because  of  the  damping  boundary  condi¬ 
tion,  the  computed  sustained  oscillation  in  the  computational  domain  is  self-generated. 
It  is  conceivable  that,  in  a  practical  device,  inlet  diffuser  oscillations  such  as  those 
reported  by  Bogar  and  Sajben12  may  participate  in  the  flow  oscillations  in  the  combustion 
chamber.  Specific  upstream  impedance  conditions  can  be  derived  if  this  kind  of  flow 
field  is  completely  understood.  We  have  not  investigated  the  affects  of  upstream 
impedance  on  the  vortex-acoustic  interaction  problem  and  have  not  experimented  with  other 
possible  boundary  conditions.  Since  the  downstream  boundary  is  at  supersonio  conditions, 
no  boundary  conditions  are  required  there.  However,  during  the  transient  period  and 
before  the  supersonic  flow  is  established  there,  an  exit  pressure  is  specified.  In  feet, 
the  specification  of  this  intermediate  exit  pressure  determines  the  Mach  number  in  the 
combustor.  The  initial  condition  is  a  stationary  flow  with  stagnation  conditions  every¬ 
where  in  the  flow  field.  The  exit  pressure  is  then  impulsively  lowered  to  a  prescribed 
value  to  start  the  flow.  Meanwhile,  a  complex  orchestration  involving  variation  of  the 
throat  area  and  the  exit  pressure  establishes  the  supersonio  flow  downstream  of  the 
throat. 13 


a.  Dimensions  of  ramjet  combustor 


b.  256x64  computational  grid 


Figure  i.  Configuration  of  Ramjet  combustor 


KaoCormaak'n  explicit  unapiit  aohame14  ia  used  for  the  integration  of  the  conserva¬ 
tion  aquations  in  tine.  The  scheme  is  taoond  order  in  time  and  in  apace.  Its  properties 
are  wail-known  and  are  described  elsewhere. 14,15  Ne  used  the  finite  volume  fort?  of  the 
sukeme  on  a  boundary-conforming  grid.  Aside  from  the  well-known  "built-in"  ertifielel 
dissipation  of  the  aeheme,  no  explicit  artificiei  dissipation  has  been  added.  Numerical 
stability  of  the  time  integration  can  be  maintained  with  a  Courant-Frederich-Levy  number 
Of  0.6, 

A  typical  grid  used  in  the  simulation*  is  shown  in  figure  lb.  Grid  lines  ere 
olustered  in  the  critical  r» jiona,  such  as  the  boundary  layer  in  the  inlet  duct,  the 
•hear  layer  separation  paint,  i.e.,  the  comer  of  the  backward-facing  atap,  and  the  noi- 
zle.  These  are  the  flow  regions  where  the  length  scale  of  the  flow  features  is  expected 
to  be  smell.  The  clustering  of  grid  lines  enables  us  to  resolve  the  Important  large- 
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seal*  features  without  an  excessively  large  computational  resh.  large-scale  structures 
with  length  scalss  on  the  order  of  the  boundary  layer  thickness  or  larger  oan  be 
resolved.  These  are  the  large-scale  vortical  structures  of  interest  to  the  present 
investigation. 

Details  of  the  simulation  technique  have  bean  described  previously. 13  important 
features  of  the  nuaerical  aodel  are  summarised  here.  An  important  issue  of  numerical 
simulations  of  compressible  flows  is  how  the  boundary  conditions  affect  the  solution 
inside  the  computational  domain.  If  the  outflow  boundary  is  subsonic,  boundary  condi¬ 
tions  are  required  there.  If  the  local  velocity  vnotor  is  pointing  outward,  the  vorti- 
oity  and  the  entropy  are  convected  outward.  Among  two  families  of  acoustio  wavas,  one 
family  is  outgoing  and  carriaa  tha  appropriate  characteristic  variable  from  the  interior, 
and  tha  other  is  propagating  inward  from  the  downstream  rapresanting  tha  rafleotad  wave 
on  the  boundary.  Therefore,  one  boundary  condition  muat  be  supplied.  This  boundary  con¬ 
dition  represents,  agein,  some  “impedance"  oondition  as  was  diacussad  previously  for  the 
inflow  boundary.  Unfortunataly,  unlike  a  fairly  uniform  inflow,  the  outflow  is  highly 
nonuniform  and  unsteady.  Tha  flow  field  in  the  combustion  chamber  is  then  critically 
dependent  on  the  arbitrary  "imped anoa"  condition  for  subsonic  flows.  Sven  worse  is  the 
aubsonlo  outflow  in  which  a  vortex  may  exit  at  low  mpaad  causing  locally  reversed  flow. 
Tha  vortioity  and  tha  entropy  are  convaoted  from  downstream  into  the  computational  domain 
in  this  case.  Three  boundary  conditions  are  required  there.  These  boundary  conditions 
are  difficult  to  specify  and  the  resulting  simulations  not  reliable.  In  the  present 
simulation  modal,  the  downstream  boundary  is  at  supersonic  state.  The  flow  inside  the 
combustor  is  independent  of  the  boundary  condition*  at  the  outflow  boundary. 

Two  questions  need  to  be  answer  d  before  the  simulation  aodel  osn  be  applied.  The 
first  is  the  question  of  grid  resolution.  We  performed  simulation*  of  the  flow  under  the 
same  conditions  using  computational  grids  of  139x42,  192x64  and  256x64.  Tha  spectra  of 
the  pressure  fluctuation*  at  the  b.,ss  of  the  step  am  well  as  the  spectra  of  vortioity  at 
a  poin  ir.  the  flow  field  are  chop  an  as  ths  basis  for  comparison.  It  was  found  that  a 
129x4  :  >  adequate  in  producing  the  same  spectra  as  those  using  a  236x64  grid.  itov- 
aver,  -us  contour  plot*  of  the  flow  variables  using  ths  129x43  grid  laok  the  detail  and 
smoothness  of  the  higher-resolution  (isolations.  All  results  presented  her*  are  based  on 
simulations  using  either  192x«4  or  236x64  grids.  The  second  question  is  how  sensitive 
are  tha  observed  spectra  on  the  dissipation.  Two  simulations  were  performed,  one  with  a 
Reynolds  number  of  10,000  end  the  other  with  a  Reynold*  nuaber  of  33,000.  The  pressure 
spectre  and  tha  vortioity  spectra  war*  compared.  Again,  the  results  are  insensitive  to 
the  variation  ot  dissipation  in  that  rang*. 

In  tha  process  of  simulation,  Mow  quantities  are  monitored  at  various  location*  to 
determine  whether  the  Mew  ham  reached  a  stationary  oscillation.  The  data  in  tha  tran¬ 
sient  period  were  discarded  so  that  tha  data  could  bo  analytad  in  terms  of  frequency 
spectra. 

The  numerical  model  constructed  above  ia  capable  of  capturing  the  essential  largs- 
•Ml*  unsteady  phenomena  ot  Interest  and  can  ba  applied  to  study  tha  vortex-acoustic 
interaction. 


).  tAftOC-SCAU  UHSTSA&y  PUW  STRUCTWUM 

The  vortioity  dynaaica  of  the  Mow  inside  tha  coahuator  ia  givan  by  a  tins  sequence 
ot  vortioity  contour  plots  in  rlgura  2,  Tha  boundary  layer  saps rate*  from  the  surface  at 
tha  corner  of  tha  backward-facing  step,  Tha  resulting  tree  shaar  layer  rolle  up  into  con¬ 
centrated  vortices,  subsequently,  thaee  vortices  merge  several  tinea  to  eventually  ton 
larga  structures  that  loping*  on  the  notile  wall.  As  each  vortex  1  apings*  on  the  well,  e 
secondary  vortex  of  opposite  sign  la  geaereted,  forming  *  vertex  pair  that  subsequently 
lifts  itself  away  from  tha  wall,  these  observations  an  cons latent  with  tha  experimental 
■waervatiena  of  hidden  and  Ho.  *'  They  also  indicated  that  strong  acoustic  radiation  may 
result  from  tha  process  of  generating  tits  secondary  vortex. 

the  frequency  spectrum  of  ths  vortioity  fluctuation  at  ths  entrance  of  the  nottle 
(point  "a"  in  flgu/*  U)  near  the  vortex  impingement  point  is  shown  in  figure  la.  (The 
origins!  fourier  spectra  in  this  article  have  been  filtered  by  using  a  "maximum  entropy 
••thud,"  so  ths  relative  intensity  of  ths  spectral  peaks  may  net  ba  accurate.)  Hoar  ths 
noatls,  tha  vertices  merged  into  large  structures  at  t  reduced  frequency  of  170  Ha.  this 
frequency,  If  converted  to  %  streuhal  number  based  on  the  }*t  disaster  (i.e,,  st  -  (Of IS) , 
lu  approximately  o.s,  which.  Is  ia  tha  reported  range  of  "Jot  preferred  mode"  value*  of 
0,2  t»*  0.7. 17  tn  a  confined  jet  configuration  sunk  a*  the  remjst  coahuator,  tha  Jot  pro* 
terrsO  mods  sey  be  mors  complex  than  that  for  a  tree-jet  configuration  because  tt  the 
additional  length  seals,  l.e.,  tha  length  of  tha  chamber  involved,  the  selection  of  ths 
pcofsnod  mode  frequency  from  the  possible  range  may  depend  on  tha  axial  length  menu. 
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a.  Vortioity  spectrum  at  sntrance  b.  Pressure  spectrum  at  base  of  step 

of  nozzle 

Fi.jure  3.  Vortioity  and  Presaura  spectra  (192x64  grid) 


»utmark  and  Ho17  investigated  in  detail  the  preferred  node  frequency  of  a  jet.  They 
found  that  the  frequency  is  strongly  facility  dependant.  The  fact  that  the  first  rollup 
frequency  is  not  2“  of  the  frequency  of  the  large  atruoture  indicates  that  the  Barging 
of  vortices  sore  coaplax  than  a  sequence  of  simple  pairings  of  vortiaes.  The  process 
■ay  'nvolva  the  collective  interaction  as  dincussed  by  Ho  and  Huarre. 14  Since  there  is 
no  external  perturbation  imposed  on  the  nystea  and  the  coaputation  is  deterministic,  thia 
low- frequency,  larg.  vortical  structure  may  be  the  result  of  a  self-sustained  aeohanisa. 
Several  resr-rohers 17,18  have  fwund  that  the  acouatia  disturbance  ganerattl  during  vortex 
■awing  aay  serve  aa  a  feedback  sechanisa  for  perturbing  the  shear  layer  at  the  jet  exit. 
Later  in  thia  paper  (section  7) ,  ve  nuggest  that  the  feedback  aeohanisa  aay  uj  an  aoous- 
tic  disturbance  that  la  qenerata)  by  a  vortex-choked-norsle  interaction. 

It  is  informative  to  examine  the  apeotrum  of  the  preaaura  fluctuation  behind  the 
oackward-f ac.* ng  step.  The  vortioity  fluotuetion  at  the  base  of  the  step  is  lev.  There¬ 
fore,  the  pressure  fluotuetion  there  is  considered  an  acoustic  fluctuation,  i.s.,  that 
corresponding  to  the  ’unsteady  potential  flov. 20,21  Tht  spectrum  ia  shown  in  Figure  3b. 
It  appeal*  that  the  »'o’.  ip  and  merging  of  the  vortices  in  the  interior  of  the  chamber  do 
not  contribute  to  the  acoustic  *luetuati~n  direatly.  In  the  preaeure  spectrum,  a  high 
push  at  the  frequency  of  647  Kt  domi  tee,  and  tvo  lou-frequanoy  coaponanta  at  377  Ha  and 
111  H*  also  appear.  It  will  be  shown  later  that  thaaa  peaks  are  possibly  the  result.!  of  a 
resonant  asouatlo  oscillation  and  the  coupled  oscillations,  respectively, 

The  intsra-tion  of  the  impinging  vortex  and  the  ohokad  throat  can  be  viauailted  by 
the  time  sequence  of  vortioity  contour  plots  and  the  er-respondlng  Hash  number  oontour 
plots  shown  in  Figure  4.  ha  can  be  seen,  the  Mach  number  contours  in  the  subsonic  por¬ 
tion  of  the  noaala  fluctuate  at  merge  amplitude  during  the  period  of  vortex-nostle 
interaction.  However,  the  Mach  number  contours  remain  relatively  stationary  in  the 
supersonic  region 


4,  HUH  FLOW 

tn  a  large-eddy  eialatlcn,  tits  dynamics  of  the  coherent  structures  in  a  turbulent 
flow  is  captured  by  the  unsteady  coaputation.  If  sufficiently  long  tiee-acourata  data 
are  available,  the  time-averaging  process  prcvldoa  a  Mans  to  evaluate  the  contributions 
of  thaaa  large  structures  to  the  transport  of  mass  and  aomentum.  Therefore,  the  mean 
flow  variables  and  the  higher  moments  are  computed  by  carrying  out  a  .win tog  time  aver¬ 
age.  St  experimental  data  are  available,  the  mean  flow  quantities  and  higher  moments 
computed  can  be  compared  to  the  data  to  assess  whether  «*>4  main  characteristics  of  the 
flow  are  faithfully  computed.  Meat's*  of  the  leek  of  comprehensive  experimental  date  for 
e  circular  jet  in  e  sudden  expansion  (backward-fa  ing  step},  the  experimental  results  for 
flows  In  e  two -dimensional  backward-facing  step33  were  used  for  comparison  with  the  com¬ 
putational  results. 


a.  Tin*  Baguonca  of  vortlclty 
contour*  In  th*  nostl* 

(contour  interval  la  looo  *ac*M 


b.  TiM  saguanca  of  Kaob  number 
contour*  in  th*  noa*l* 
(contour  interval  ia  o.i). 


Figure  4.  Tie*  Sequence  of  Vortleity  end  Mtch  Number 
Contours  ktsr  the  Choked  Houle 


Figure  $a  shove  th*  aaan  axial  velocity  profiles  5/C/  as  e  function  of  the  axial 
locations  t/H  in  e  coebuatort  only  the  region  between  th*  duap  plane  (t/H  ■  0)  iM  the 
entrance  to  th*  noisla  (a/tf  *  •)  is  shown.  The  experimentally  obtained  profiles12  are 
also  shown  in  this  figure,  the  agreement  between  the  computational  reaults  and  th* 
experiments  for  t/Jf  $  4  is  good,  for  t/H  5  S,  the  spreading  rots  of  tha  shear  layer 
in  th*  experiments  sees*  to  be  such  fester  than  in  tha  oooputsd  results.  Thar*  are 
several  factor*  that  me,  contribute  to  this  dlfferenos  bstwesn  tha  sxperlmsntsl  results 
sni  tha  computational  results.  First,  tha  thre* -dimensional  breakdown  ef  the  vortical 
structure,  which  cannot  be  modeled  by  an  axiayammtfib' computation,  may  btcoma  important 
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b.  Noraalittd  stream  function  0  in  the  combuetor 


Figure  5.  Axial  Variation  of  Kean  Flow 


at  the  downstream  location.  Also,  the  difference  between  an  axisyanetric  configuration 
and  a  planar  configuration  may  become  proeinent  at  the  downstream  location  where  the 
coherent  ring  vortices  are  stretched  due  to  the  radial  notion.  The  maximum  reversed 
axial  velocity  in  the  recirculation  region  is  approximately  0.21V.  This  value  is  within 
the  experimentally  observed  range  of  0.2  V  to  0.25  V. 


The  mean  stream  function  1>  can  be  obtained  by  solving  the  following  equations! 

Jvf  ta  —  pa) 

subject  to  the  appropriate  boundary  conditional 


i>“0  at  the  centerline  (r^Q)  P3) 

i>  “  t  on  the  eolid  wall  (M) 


where  ie  normal iied  by  the  eaes  flux  acroes  the  upstream  inflow  boundary.  Figure  5b 
shows  the  streamline  pattern.  Within  the  elongated  recirculation  tuna,  a  dosed  stream* 
line  domain  with  a  free-standing  stagnation  point  near  the  notele  is  indicated.  A  secon¬ 
dary  recirculation  cone  near  the  step,  with  a  circulation  in  tha  opposite  diraotion  of 
the  primary  recirculation  tone,  is  also  observed,  The  secondary  recirculation  tone  hae 
been  reported  in  many  previous  experiments. 5 1-2 5  Although  the  averaged  streamline  pat¬ 
tern  contains  eeveral  regions  of  cloaed  stress lines,  it  is  not  clear  how  these  affect  the 
mass  and  heat  transport.  As  vill  be  eeen  later,  the  momentum  transport  by  the  coherent 
etructures  ie  vary  strong  in  the  nossle  region  where  the  sheer  layer  reattachee.  It  ie 
expected  that  the  mass  transport,  is  equally  strong  there.  The  rate  of  mate  exohanga  in 
and  out  of  tha  oloaed  etraamlina  raglon  is  expected  to  be  very  large. 

To  compare  quantitatively  the  shear  layer  spreading  rsta  to  that  obtained  in  the 
experiments, 33  tha  vorticity  thickness  is  estimated  by 


where  AV  is  th r>  differsnce  in  axial  valooity  serosa  tha  shaar  layer.  Figure  S  shows  the 
computed  results  compared  to  the  experimental  raaulta.  The  agreement  is  reasonably  good. 
Tha  sheer  layer  spreading  rate,  34,/rft,  in  the  region  t/U  <  s  is  approximately  0.24. 
txperlmentel  valuea  of  0.25  to  0.29  were  reported  by  Pita  end  Daily, "  whersee  a  lower 
rata  wee  reported  by  leton  end  Johnston.23  The  values  reported  for  tha  backward-feeing 
atop  configuration  ere  substantially  higher  then  tho  spreading  rate  of  0.135  to  o.2 
reported  by  outmark  end  Ho17  for  a  tree  jet.  seyond  e/if  >  s,  the  site  of  the  coherent 
structures  is  coaparehie  to  the  step  height,  tad  the  spreading  of  tha  shear  layer  la 
inhibited  by  the  wall. 
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x/H 


Figure  6.  Axial  Variation  of  Vorticity  Thickness 
in  the  Combustor 

The  Reynolds  stress  tensors  ujuj  were  also  evaluated  by  a  running  tine  average. 
Figure  7a  presents  the  profiles  of  the  streamwiae  "turbulence"  intensity  vi15/!/  for  the 
Re  -  10,000  simulation.  The  experimental  data  of  Fits  and  Daily33  are  also  shown  for 
comparison.  A  similar  comparison  for  the  transverse  velocity  component  ia  also  shown  in 
Figure  7b.  A  few  observations  are  important.  The  fluctuation  of  the  longitudinal  velo¬ 
city  ia  quite  intense  along  the  axis  of  the  combustor,  while  the  mean  velocity  profiles 
in  Figure  5a  show  no  decay  of  the  mean  axial  velocity.  Along  the  axis,  the  fluctuation 
in  axial  velooity  is  the  result  of  the  Induced  flow  by  the  passage  of  the  coherent  vortex 
ring.  It  does  not  contribute  to  the  momentum  transport  aoross  the  oross  aeotions. 
Hence,  there  is  a  strong  velocity  fluctuation  even  in  the  potential  core  in  the  axisym- 
metrio  case.  In  contrast  to  the  present  ease,  the  experimental  results  by  Fits  and 
Daily33  for  the  two-dimensional  mixing  layer  do  not  show  this  phenomenon. 


Jt>t>  3  velocity  fluctuation,  (i?** ,/(/*) 


b.  v^/u  profiles  (N  -  o.ja,  Re  «  10,000) 


Figure  7.  Intensity  of  Fluctuating  velooity  Field 
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Figure  7c  shows  the  variation  of  peak  intensity  (tT^nax  /^2  as  a  function  of  axial 
location.  The  results  for  the  three  different  Reynolds  nuaber  cases  are  shown.  Because 
the  simulations  with  different  Reynolds  numbers  were  essentially  performed  to  generate  a 
shear  layer  with  different  initial  thicknesses,  the  comparison  between  the  different  Rey¬ 
nolds  nuaber  oases  is  discussed  in  that  context.  The  peak  value  of  the  streamwise  fluc¬ 
tuations  in  the  shear  layer  is  in  the  range  of  0.04  to  0.06.  This  is  in  agreement  with 
the  reported  experimental  value  of  0.04.  A  global  maximum  occurs  near  the  dump  wall  at 
x/H  «  e,  which  is  about  one  step  height  upstream  of  the  reattaehment  point.  This 
appears  to  agree  with  the  results  of  Eaton  and  Johnston,  26  who  also  reported  a  maximum 
turbulence  intensity  at  one  step  height  upstream  of  the  reattachment  point.  The  stream- 
wise  turbulence  intensity  continues  to  decrease  beyond  uhe  reattachment  point  and  through 
the  nozzle  throat,  as  is  consistent  with  experimental  observations.26*2® 

Figures  8a  through  8c  show,  respectively,  the  shear  stress  profiles  -u'v'jV2  in  the 
combustor  for  the  three  siaulations  with  different  Reynolds  numbers.  The  maximum  in  the 
shear  stress  profiles  occurs  in  the  shear  layer  in  the  initial  region  of  its  development. 
Further  downstream,  another  maximum  occurs  in  the  recirculation  region.  In  general,  the 
transverse  profiles  oi  the  shear  stress  are  similar  in  all  three  simulations.  The  varia¬ 
tion  of  the  peak  shear  stress,  -  (uV)max /tf2,  es  a  function  of  axial  location  is  shown  in 
Figure  8d.  The  maximum  value  of  the  shear  stress  increases  to  a  global  peak  at  the  loca¬ 
tion  z  m  a.5 S  for  the  Re  -  5000  simulation.  With  inorease  in  Reynolds  number,  this  peak 
value  increases,  and  the  location  shifts  closer  to  the  dump  plane.  This  peak  shear 
stress  occurs  in  the  region  where,  in  an  average  sense,  the  primary  vortices  undergo 
pairing.  Since  the  inorease  in  Reynolds  nuaber  results  in  a  thinner  initial  shear  layer, 
the  rollup  and  pairing  also  occur  oloser  to  the  dump  plane,  resulting  in  the  shift  of  the 
peak  shear  stress  closer  to  the  dump  plane.  For  comparison,  some  experimental 
data25'26'29  are  shown  in  this  figure.  Beyond  x  -  2/7,  the  peak  value  of  the  shear 
stress  begins  to  dearaase,  reaching  a  local  minimum  at  *  »  s H,  after  which  it  starts  to 
inorease  again  to  reach  another  maximum  in  the  impingement  region.  A  maximum  value  of 
0.022  at  x  a  2  H  is  observed.  The  peak  near  the  reattachment  point  is  in  approximately 
the  same  range. 


JUSM-Sgi  * w~\ w~i:6~Tir— -j:!. 

Ml  ■ 

-  ”  o.  Re  -  31,000 


a-c.  Reynolds  stress  -tiV/y*  profiles 
in  the  combustor 


d.  Axial  variation  of  peak  Reynolds 
stress  in  ths  combustor » 
e-ehrie  and  Rouse*  t 
*  Durst  and  Tropes*  t 
Beat  estimate  curve* . 


Figure  a.  Distribution  of  Reynoldr  Stress 


As  osn  bn  seen  in  Figures  la  through  Bo,  ths  Reynolds  shear  stress  profiles  change 
their  sign  in  ths  transverse  diraotion.  Figure  a  shows  ths  transverse  profiles  for  the 
(tondimensional  assn  velocity  gradient  di/dr  superimposed  on  the  profiles  for  the  shear 
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Figure  9.  Comparison  of  Slope  Profiles  of  the  Streanwise  Mean 
Velocity  an /dr  and  the  Reynolds  Stress  -u  V/(/J 
in  the  Coabustor 

stress  ~uV/£/s.  Coapariaon  of  theae  two  sets  of  profiles  shows  that  the  shear  stress 
and  the  slope  of  the  aean  profile  have  opposite  signs  in  the  recirculation  tone,  thus 
indicating  a  region  of  counter-gradient  diffusion  of  aoaentua.  counter-gradient  diffu¬ 
sion  is  also  observed  in  the  region  around  *  »  7  H  across  alaoat  the  entire  oross 
section.  Thus,  the  gradient  hypothesis  of  the  Reynolds  stress  closure,  i.e., 
-sV  -  v, Ou/dr,  where  v,  is  the  eddy  viscosity,  is  clearly  not  generally  applicable  in 
the  coabustor.  Counter-gradient  diffusion  has  been  experimentally  observed  and  is  a 
direct  consequence  of  the  presence  of  larga-soale  coherent  structures  (e.g.,  Hussain30). 
Counter-gradient  diffusion  has  been  shown  to  occur  during  pairing  processes.  Further¬ 
more,  the  looal  orientation  of  the  traveling,  generally  nonoiroular  vortices  relative  to 
the  aean  velooity  profile  determines  whether  co-gradient  or  counter-gradient  diffusion  of 
momentum  will  dominate  (e.g.,  Ho  and  Huerrelsi  Hussain30).  For  example,  if  the  major 
axis  of  a  vortex  with  an  elliptio  shape  is  oriented  opposite  to  the  slope  of  the  aean 
velocity  profile,  co-gradient  diffusion  dominates  and  energy  is  extracted  from  the  mean 
field  by  the  fluctuating  field,  when  the  structure  is  aligned  vith  the  aean  velocity 
slope,  counter-gradient  diffusion  dominates  and  a  transfer  of  energy  from  tne  fluctua¬ 
tions  back  to  the  aean  flow  occurs.  It  has  also  been  shown  that  the  Reynolds  stress 
increases  to  a  peak  during  pairing  and  decreases  thereafter. 18,30 

This  experimentally  observed  relationship  between  large-scale  structures  and  shear 
stress  variation  is  also  seen  in  the  present  numerical  simulations.  For  example,  in  Fig¬ 
ure  Id  there  is  a  peak  in  Reynolds  stress  at  z/U  «  2,  which  is  around  the  region  where 
the  first  pairing  occurs,  in  this  region,  co-gradient  production  of  kinetie  energy  dom¬ 
inates  with  only  email  looal  regions  of  counter-gradient  production.  Further  downstream, 
the  maximum  in  the  shear  stream  distribution  deoreases  in  the  shear  layer  as  the  pairing 
is  completed  and  more  regions  of  counter-gradient  diffusion  appear,  as  can  be  seen  in 
Figures  la  through  Bo.  The  peak  shear  stress  increases  again  as  the  second  merging  pro¬ 
cess  occurs,  whioh  results  in  the  large  structure  observed  in  the  region  z/H  «  7.  m 
the  region  near  the  reattaehment  point,  counter-gradient  production  dominates  due  to  the 
relative  orientation  of  the  large  structures.  The  characteristic  nonoiraulsr  shape  and 
orientation  of  the  large  structure  in  the  coabustor  can  be  visualised  from  the  time 
sequence  shown  in  Figure  a.  a  point  to  note  is  that  for  counter-gradient  production  to 
dominate  in  an  average  sense  during  unsteady  motion,  the  larga-soale  structures  must  have 
the  same  orientation  near  the  same  location  during  the  oourse  of  a  long  simulation.  The 
time-averaged  results  obtained  here  indicate  that  this  occurs  near  the  nossle  entrance. 
Hear  the  dump  wall,  there  is  a  small  region  where  counter-gradient  diffusion  alwaya 
appears  to  dominate. 

The  failure  of  the  gradient  hypothesis  in  the  recirculation  sone  and  near  the 
impingement  region  is  consistent  with  past  observations,  a  similar  analysis  was  also 
carried  out  to  determine  the  relation  between  -Jv  and  Op /0t  and  also  between  -77  and 
dp/ Or.  The  results,  which  are  not  shown  hers,  also  clearly  indicate  that  the  gradient 
approximation  for  scalar  diffusion  is  not  valid  in  the  recirculation  region  nor  near  the 
impingement  region. 


S.  EXTRACTING  ACOUSTIC  INFORMATION 

The  major  difference  between  the  present  simulations  and  the  direct  numerical  simu¬ 
lations  of  incompressible  turbulent  flows  extensively  investigated  in  the  past is  the 
existence  of  acoustic  disturbances  in  the  computational  domain  when  the  reduced  frequency 
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of  the  >y»tu  based  on  the  speed  of  sound  is  of  the  order  of  unity.  Hew  methods  must  be 
developed  to  extract  acoustic  information  from  the  results  of  numerical  simulations  so 
that  physical  phenomena  associated  with  the  compressibility  effeats  can  be  uncovered. 
Our  attempt  in  that  direction  is  discussed  in  this  saotion. 

Since  an  acoustic  disturbance  is  identified  with  the  unsteady  potential  flow  in  a 
linearised  system,  it  is  natural  to  attempt  to  define  the  acoustio  disturbance  by  working 
with  the  velocity  field.  It  is  well-known  (e.g.,  Goldstein81)  that  a  vector  field  «?  can 
be  decomposed  into  a  solenoidal  field  ?  and  a  potential  component  V^>  as 

~3  =?+V^  06) 

The  solenoidal  field  satisfies  the  incompressible  condition 

V  =  0  (17) 

and  the  vorticity  of  the  vector  field  u  is  inoluded  by  ?  so  that  the  following  relation 
is  satisfied: 

7x?=Vxb=S  (IB) 

From  the  above  equation,  the  vorticity  (I  can  be  identified  as  the  source  term  in  deter¬ 
mining  the  vortical  component  of  the  velocity  field  ~v.  In  particular,  a  stream  function 
0  can  be  defined  for  the  solenoidal  field  ~v  in  two-dimensional  or  axiaymmetric  flow  so 
that 

v2  *i>  =  -  n  (is) 

where  the  vorticity  is  the  source  term  for  determining  the  vortical  stream  function 

while  the  solenoidal  field  oontains  all  of  the  vortical  field  of  the  given  vector 
field,  the  potential  field  4>  includes  all  of  the  dilatation  field  of  u*.  Therefore, 

72^  =  V>tt  =  A  po) 

where  A  is  the  dilatetion  field.  This  decomposition  is  arbitrary  up  to  a  eolenoidel- 
potential  field.  In  other  words,  the  classification  of  an  irrotational-incomprassible 
flow  field  into  one  of  ths  two  components  is  arbitrary.  This  decomposition  of  ths  velo¬ 
city  field  is  kinematic  in  nature  and  is  valid  tor  both  ths  linsar  and  nonlinear  oases. 

The  definition  of  acoustic  disturbance  ie  given  ee  ths  unstaedy  portion  of  ths  velo¬ 
city  potential. 80,31  Goldstein81  further  constrained  this  dacoaposition  by  dsflning  ths 
vortioel  velocity  as  that  governed  by  a  pure  eonveetiva  equation.  The  preasurs  variation 
ia  attributed  to  the  "acoustic*  velocity  field.  This  constraint  attaches  dynsmio  signi¬ 
ficance  to  the  original  kinesstic  decomposition  and  thersfors  removes  its  arbitrarinsss. 

By  subtracting  ths  tise-sveragad  part  from  Eq.  (20),  ths  equation  for  ths  aooustio 
potential  can  be  given  as 

-  A  -  «A>  A*  pi) 

where  the  instantaneous  fluctuating  dilatation  field  A'  acts  as  a  source. 

In  analysing  ths  results  of  simulations,  ws  ussd  vortioity  contours  as  a  representa¬ 
tive  quantity  for  visualization  of  the  vortioel  disturbance  in  the  flow  field.  Proa  the 
parallel  between  Eqe.  (19)  end  (21).  it  appears  that  the  unsteady  part  of  the  dilatation 
field  may  serve  at  a  rapvasantativs  quantity  for  visualising  the  acoustio  disturbance. 

in  cur  nuaerlcal  simulations,  ths  dilatation  field  is  recorded,  using  these  data,  s 
running  time  avaraga  of  ths  field  is  performed.  The  Man  field  is  then  subtracted  from 
ths  instantaneous  field  to  give  ths  instantaneous  fluctuating  component.  The  instantane¬ 
ous  dilatation  field  in  the  combustor  ia  shown  in  Figure  10.  Ths  two  regions  of  high 
instantaneous  dilatation  field  shown  in  this  figure  are  identified  and  analysed  in  detail 
below. 

tits  first  region  is  the  shear  layer  near  the  dump  plana  where  ths  rollup  occurs.  A 
oarsful  examination  of  the  olosaupa  of  tha  dilatation  and  vortioity  fialda  thara  reveals 
that  tha  dilatation  field  around  each  concentrated  vortex  is  a  quadrupole.  Figures  11a 


Figure  10.  Instantaneous  Dilatation  Field  in  the  combustor 
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and  lib,  raapactlvaly,  show  oloaaup#  of  a  vortioity  flald  and  tha  corraaponding  dilata¬ 
tion  fiald  naar  tha  duap  plana.  Tha  quadrupola  natura  of  tha  dilatation  flald  around  a 
roliad-up  vortax  is  olaarly  shown.  This  visual  pattaxn  of  tha  dilatation  fiald  travals 
with  tha  vortioity  pattarn,  an  oboarvation  in  contradiction  to  tha  general  notion  of  an 
acoustic  disturbance. 


a.  Vortioity  contours 


b.  Dilatation  contours 

Figure  U.  comparison  of  Vortioity  and  Dilatation  Fields  Hear  the 
Duap  Plana 


Consider  tiqhthlll's  aeouatio  analogy ,2» 

Tha  source  tars  S  of  this  aquation  involves  tha  fluctuation  of  “Bernoulli  enthalpy". 

In  the  present  case,  where  coebustion  is  absent,  this  source  tars  aainly  consists  of  the 
vortical  disturbances.  In  tha  near  field,  these  sources  era  not  negligible.  The  length 
and  tine  scalea  of  tha  sources  dominate  thie  region  so  that  tha  acoustic  equation  (32) 
■ust  be  scaled  accordingly.  It  follows  iaeed lately  that  the  first  tare  of  the  acoustic 
aquation  is  of  0(M*),  at  compared  to  tho  other  terse,  and  in  negligible  in  low  subsonic 
flows.  The  acoustic  potential  ia  governed  by  a  Poisson's  aquation,  with  vortioity  dis- 
turbeneea  acting  aa  a  source  ten.  The  propagation  aspects  of  tha  acoustic  wave  ere  lost 
under  this  aceling,  and  the  acoustic  potential  field,  which  ia  dominated  by  the  sources 
In  the  near  field,  travels  with  tha  characteristic  velocity  of  a  vertical  field  instead 
of  the  speed  of  sound.  This  is  usually  called  a  peeudoaound”  and  le  not  an  acoustic 
wave  in  the  conventional  sense.  The  quadrupola  behavior  of  the  dilatation  field  around  a 
concentrated  vortax  essentially  reflects  tha  source  behavior  discuss**  by  Ughthill. 12 
It  le  worthwhile  to  mention  that  the  quadrupola  sources  ere  week  radiatore  of  sound,  and 
perhaps  the  resulting  acoustic  waves  interact  only  weakly  with  the  vortical  action. 

The  visualisation  of  the  dilatation  field  probably  can  be  used  to  detect  a  propagat¬ 
ing  short  acDustic  wave  such  ae  e  shock  wave.  In  general,  the  long  wave  In  e  subsonic 
now  is  difficult  to  visualise  by  this  method.  It  the  short-wavelength  pseudoeound  dis¬ 
turbances  caused  by  the  vortical  field  can  be  filtered  (roe  the  computed  dilatation 
field,  tha  long  acoustic  wave  say  be  revealed.  This  filtering  process  requires  Integra- 


tion  of  the  dilatation  field  over  a  sampling  volume  that  is  ssall  compared  to  the 
vavelength  and  yet  large  ooapared  to  the  scale  of  the  vortical  disturbance,  in  the  simu¬ 
lations,  a  suitable  spatial  average  over  a  aaapling  volume  is  difficult  to  define,  and 
the  deduction  of  long  acoustic  waves  from  the  results  of  simulations  has  not  been 
attempted. 

The  dilemma  of  separating  acoustic  information  from  the  vortical  disturbances,  as  in 
the  case  of  pseudosound  discussed  above,  is  not  new.  Crow20  posed  the  problem  of  the 
formulation  of  an  acoustic  equation  as  follows:  given  a  vorticity  field  (1,  find  the 
density  field  and  the  velocity  potential.  He  considered  the  subsonic  cases  in  which  the 
eddy  length  scale  and  the  length  scale  of  the  region  of  vortical  disturbances  are  much 
smaller  than  the  acoustic  vavelength.  The  acoustic  analogy  of  Lighthill32  is  the  result 
of  a  matched  asymptotic  expansion  based  on  the  smallness  of  the  characteristic  lengths  in 
comparison  to  the  acoustic  wavelength.  For  a  source  region  with  dimensions  comparable  to 
the  wavelength,  he  concluded  that  the  separation  of  the  acoustic  disturbance  from  the 
vortical  disturbance  ia  dubious.  Although  it  is  purely  speculative,  a  multiple-scale 
expansion  may  lead  to  a  better  formulation  for  the  problem  where  the  region  of  vortical 
disturbances  is  as  large  as  the  acoustic  wavelength  while  the  eddy  sire  remains  small. 
This  is,  of  course,  beyond  the  scope  of  the  present  work. 

Since  the  propagation  aspects  of  acoustic  waves  are  difficult  to  visualise  for  a  low 
subsonic  flow,  the  dilatation  field  is  used  to  find  the  characteristics  of  the  sources  in 
the  near  field.  The  detection  of  an  acoustio  disturbance  in  our  simulations  relies 
mainly  on  the  point  records  of  pressure  fluctuations  at  locations  where  the  vortical  dis¬ 
turbances  are  believed  to  be  small . 

The  second  region  of  high-level  dilatation  field  is  near  the  location  where  the 
coherent  vortical  structures  ispinga  on  the  solid  surface.  The  structure  of  the  dilata¬ 
tion  field  in  that  region  ie  else  very  complex,  as  shown  in  Figure  12.  If  the  eddy  sire 
is  snail  comparsd  to  ths  acoustic  wavslsngth,  the  source  can  be  eoneidered  compact,  its 
behavior  can  be  repreaentad  by  a  suit! pole  expansion  of  the  distributed  sources. 21  The 
lower-order  einguler  sources  are  known  to  be  more  effective  sound  radiators  than  guadru- 
polss.  The  strengths  of  ths  first  two  term  of  the  expansion  can  ba  given  by  taking  spa¬ 
tial  moments  of  the  distributed  dilatation  field  over  e  sampling  volume.  The  strength  of 
the  monopole  and  ths  dipole  V,  can  be  computed  by  ths  following  integrals: 

♦»  »  /  A‘  <G*  &U 
r 

r  '  * 

where  V  is  ths  sampling  volume  containing  the  vortex  impingement  point.  The  time  varia¬ 
tion  of  the  strength  of  the  menopoie  and  ths  axlsl  coaponent  of  ths  dipole,  together  with 
the  vorticity  integrated  over  the  ease  voluse,  are  displayed  in  figure  ll  to  show  their 
relationship.  It  appears  that,  as  ths  large  vortical  structure  isptngee  on  the  wall,  a 
strong  fluctuating  dipole  ie  generated  there.  The  dipole  field  Is  iso  degrees  out  of 
phase  with  the  vorticity  fluctuation. 


figure  IS.  vorticity  sad  Dilatation  fields  Ness  ths  Sortie 
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Figure  13.  Tine  Variation*  of  Vortiaity  u,  Aeouatle  Xn  nopals  n,. 
and  Acoustic  Dipole  st*. 

In  carefully  perfumed  wind  tunnel  experiments,  Wills  J4  observed  upstresn  propagat¬ 
ing  acouatio  disturbances  generated  at  the  downstream  diffuser  avan  at  a  low  flow  speed 
of  !•  a/ a.  Crichton,  JS  in  studying  the  pioblsa  of  -excel*  jet  noise,-  found  that  tur- 
bulanca  cauaaa  a  fluctuation  in  tha  thrust  of  a  jet  and  that  this  fluctuation  ia  acousti¬ 
cally  equivalent  to  a  strong  dipole,  and  tha  unsteady  case  flux  corresponds  to  a  wash 
■onopeie.  In  the  present  prohlea,  tha  Interaction  between  tha  lapinging  vortices  end  the 
noitie  causes  fluctuating  forces  on  the  nettle.  Acoustically,  tha  fluctuating  force  ie 
equivalent  to  a  dipola,  as  shown  by  tha  shove  analysis.  Theta  results  provide  seas 
Insight  into  the  nature  of  eound  generation  dua  to  vortex  iapingeoent  on  a  nertlo.  This 
knowledge  of  the  eeouetlo  behavior  of  the  nettle  resulting  froa  the  interaction  between 
lepinging  vortices  and  the  noitie  can  be  used  to  construct  s  nedel  for  the  pressure 
oscillations,  as  will  be  discussed  later. 

«.  MittK  OF  OSClUATtOtt* 

In  the  previoue  section*  we  direussed  our  attempt  to  extract  acoustic  inforaation 
froa  the  results  of  aiaulationa  and  found  that  the  behavior  of  the  sound  sources  can  be 
vltut  11  ted  and  analysed.  However,  the  propagation  aspects  ef  the  long  acoustic  wave  ere 
difficult  to  visualise.  Therefore*  point  pressure  data  nay  be  a  better  representative 
quantity  fer  the  analysis  of  long  acoustic  wave*.  Me  have  decided  to  use  the 'power  spec¬ 
tre  of  various  flow  quantities  coaputad  at  a  aet  of  discrete  points  in  the  flow  field  for 
analysis  of  our  slawlatloo  rewrite,  the  flow  quantities  we  have  chosen  to  analyse  or# 
the  wort  l  city  end:  the  preeoute.  The  first  quantity  represents  the  vortical  eoeponeot  of 
tha  flew  field*  while  the  second  quantity  ia  sere  aadigooua.  Again,  in  the  near  field, 
both  the  vortical  .eeapanant  and  the  acoustic  coapenont*  if  such  *  distinction  can  still 
.be  oada,  contribute  aloettineoualy  to  the  fluctuation  of  the  static  pressure,  ho  ffowca 
MiilUae4  pointed  cut,  the  low-frequency  camp a wants  of  the  pressure  fluctuation  wet  con¬ 
tain  acoustic  waves,  There  are  locations  where  the  verticity  ie  locally  at  a  very  low 
level.  Since  the  flow  ie  locally  a'  potential  flow,  tha  pressure  fluctuations  coaputed 
thare  are  aaauaod  to  represent  acoustic  oeci  nations,  tinea  the  acoustic  wavelength  to 
coapa table  to  tha  length  ef  the  eeefeuetsr*  the  liot-tavert  lew  nay  net  give  tha  correct 
phaae  relation  between  tha  aeuice  sal  the  y ten sure  ftew-Tssticn  at  tire  duap  plane,  the 
livt-iivatt  law  ia  applicable  only  when  tha  acoustic  wavelength  far  the  given  frequency 
ia  nuch  larger  than  tha' distance  between  an  observer  and  tha  source,  in  the  present 
altsiiatiana,  the'  pressure  fluctuation  at  tha  haaa  of  tha  backward-facing  step,  where  the 
vetticlty  fluctuation  ia  euall.  Ie  conaidared  an  acoustic  fluctuation. 

figure  Us  shew*  tha  computed  spectres  ai  pressure  at  tha.  haaa  at  tha  atap,  tha  Mach 
number  in  tha  iaiat  duet  tar  this  elocution  ia  a,  12.  and  the  ether  condition*  were  dis¬ 
cussed  earlier,  there  are  three  diatinct  peaks  in  tha  spactrwe  at  approatatately  aid,  ltd 
and  lie  ha.  Although  tha  level  at  tha  ptsaeato  eociilstiohs  ia'  iw,  at  only  «  percent  of 
tha  atatie  prseawra,  tha  eniatence  of.  auca  diatinct  frequencies  deaarraa  catefei  con* 
aidaratlan*  da  attaapt  to  clarify  the  nature  of  those  spectral  peaks  « i  pcaaeara  eacil- 
lauaaa. 


Figure  14.  Prstsure  Spectra  at  the  Base  of  tha  Step 


There  ere  several  way*  in  which  vertical  notions  of  the  fluid  elesenta  can  contri¬ 
bute  to  the  coherent  acoustic  oscillation*.  The  easiest  wchaniaa  to  identify  is  that  of 
a  resonant  oscillation.  Consider  Lighthill's  acoustic  analogy  equation  (92).  The  vor¬ 
tices  are  considered  a  source  independent  of  acoustic  waves.  Their  presence  nersly 
excites  the  acoustic  disturbances.  When  the  space-tine  distribution  of  the  sources  con¬ 
tains  one  of  the  "tree  «odes“  defined  by  the  eigensoiutlons  of  the  hoaogensoua  acoustic 
equation  and  boundary  conditions,  a  resonant  condition  is  satisfied.  The  acoustic  oscil¬ 
lations  in  the  duct  aceusulata,  and  large-aspiltude  oscillations  say  result.  The  fre¬ 
quency  of  this  class  of  oscillations  is  that  of  a  free  node. 

There  is  another  eschanisa  by  which  vortical  disturbances  can  causa  pressure  fluc¬ 
tuations  in  a  bounded  dan* In  euch  ae  a  duap  eoabuator.  In  thia  nechanise,  a  vortical 
disturbance  say  couple  with  the  acoustic  disturbance  at  the  boundary  to  fora  a  type  of 
oscillation  in  which  the  vortical  disturbance  is  part  of  the  eigenvector  end  the  fre¬ 
quency  depends  on  the  eigenvalue  of  the  c cabined  vertical -acouatic  wave  operator  and, 
therefore,  strongly  an  the  phase  speed  of  the  vertical  disturbance.  This  coupling 
between  vortieity  and  acoustic  waves  at  the  solid  boundary  was  discussed  in  its  linear- 
iced  fora  by  soldatein31  In  his  general  discussion  of  the  sound  generated  by  a  blade  row. 
This  type  of  oscillation  is  designated  as  a  euuplsd-sede  oseiiiatien.  The  detailed 
seehanisss  of  this  sods  will  be  discussed  in  the  newt  section  by  using  a  nipple  sodel. 

We  used  the  following  •  isolation  sethsd  to  clarify  the  nature  of  the  ebsarved  spec¬ 
tral  peak*.  The  frequency  of  a  resonant  oscillation  depends  on  the  speed  of  sound  and 
only  weakly  on  ths  convective  speed.  A  variation  in  hash  haatoer  with  ths  saas  stagnation 
condition*  will  net  substantially  alter  tha  temperature  of  the  ehaoher,  and  thus  the  fre¬ 
quency  of  an  acoustic  free  aode,  if  tha  hash  nuaber  Is  kept  reiscnably  low.  itswaver,  the 
variation  in  tha  flow  velocity  is  slaoet  proportional  to  teat  in  the  Mach  nuafesr.  the 
frequency  of  a  .oupled-ooda  oscillation  will  then  fca  shifted  substantially  with  varia¬ 
tions  in  tha  Hash  nuabar.  To  taka  advantage  of  this  property,  we  pert  oread  two  siaula- 
t Ions i  one  at  an  inlet  hash  nuabar  of  0.19  and  tha  ether  at  0.**.  »y  eoaparing  tha  fre¬ 
quency  spectra  of  ths  oscillations  fros  those  two  emulations,  we  can  identify  the 
teaooant  sodas  and  tha  c-euplad  aadea. 

tha  spectra  of  pressure  osciiiatlncui  at  the  eas*  of  tha  step  fro*  these  two  siesta- 
$ions  ere  shown  In  Figure*  14a  i*b.  the  peaks  in.  the  range  for  both  siaula- 
tlona  are  alasst  identical!.  These  peaks  are  identified  as  acoustic  -  resonant  oscilla¬ 
tions.  to  investigate  tha  properties  of  this  soda  further,  wa  .obtained  pressure  Ofnctra 
at  a  sat  af  discrete  paints  along  the  Mil  of  tha  coabaatlen  shaneer.  The  aapiitudaa  «f 
tha  «io-ht  peaks  were  plotted  against  the  atrial  distance  in  Figure  Is.  free  this  figure, 
ths  sonic  throat  appears  ta  serve  as  s  nodal  paint  for  this  particular  soda  of  oscilla¬ 
tion.  That#  la  sloe  another  aininua  in  tha  .dun?  region,  Since  wa  bo  net  have  tha  phase 
latoraatien.  wa  asaanad  that  thia  siniaan  is  pesslbiy  a  node,  tha  fteqwancy  eat  lasts 
using  tha  distance  between  these  twa  node  points  as  one-half  af  an  acouatic  wavelength  la 
sttireeKuteiy  lid  fit,  which  agrees  with  that,  obtained  free  the  epeetta. .  da  haws  not 
attanptad  to-  develop  an  accurate  seined  at  predicting  tha  frequencies  af  the'  eigen  acous¬ 
tic  aadea  far  the  csahuatsr  eoahinod  with  an  inlet  duct,  the  dun#  hae  a  aland* mesa 
ratia  af  agpreaieataiy  t  and  has  s'  sonic  wattle  located  dawaattean,  A  cn«*dio*n*l»n*i 
aedal  nay  net  give  an  accurate  outlast*  af  the  frequency  even  far  tha  lowest  few  noise, 
the  results  af  ear  naeericsl  euntiatlea*,  as  shown  1*  Figaro  id,  provide  an  apptoelnata 
aode  anape  far  tha  eucited  acoustic  ret  on  ant  node  near  tha  coaatestor  wall.  Further 
iwvoatigation  in  twpltsi  ta  achat  aatlata  thia  eonciasion, .  •. 


12-18 


''igura  15.  Nall  treasure  Amplitude  for  the  650-Hz  Oscillation 

Figure  14  also  shows  that  the  frequency  peaks  in  the  range  of  280  and  370  Hs  in 
simulations  with  a  Hach  number  of  0.32  shifted  upward  with  an  increase  in  the  Maoh  number 
to  the  range  of  260  and  450  Hz.  These  are  identified  as  the  coupled-mode  oscillations. 
To  further  substantiate  that  these  lower-frequency  peaks  are  related  to  the  vortex 
motion,  we  rec'rded  the  time  history  of  vorticity  at  a  location  near  the  entrance  of  the 
nozzle.  The  r  wer  spectra  of  the  vorticity  fluctuations  for  the  two  Maoh  numbers  show 
that,  in  the  neighborhood  of  the  low-frequency  ranges  of  370  and  450  Hz,  strong  vortical 
activitif  j  .re  evident. 

in  addition,  we  showed  in  the  last  section  that,  as  a  large  vortioal  structure 
imp'nges  on  the  wall,  the  local  instantaneous  fluctuating  dilatation  field  behaves  ool- 
le'  /ely  as  a  dipole  thei8.  A  strong  sound  radiation  may  originate  from  that  region. 
Thi .<  observation  suggests  that  the  low-frequency  pressure  fluctuations  at  the  base  of  the 
step  correlate  with  the  vorticity  impingement  at  the  downstream  nozzle  In  tns  following 
section,  we  propose  a  model  to  describe  the  ooupltd-eode  oscillations. 

7 .  <  1UI>LED-KODE  OSCILLATION 

We  demonstrated  in  the  previous  section  that,  at  the  baas  of  the  backward-facing 
step,  the  pressure  oscillations  appear  to  contain  frequency  components  thet  oorrslsts 
well  with  those  of  the  vortioity  fluctuations  near  the  impingement  point.  The  frequen¬ 
cies  of  these  components  depend  on  the  conveotive  speed  of  the  ltrge  vortices.  This 
correlation  suggests  that  the  vorticity  fluctuations  may  participate  directly  in  the 
oscillation  mode.  Although  the  details  of  the  intsraotion  process  can  be  quite  complex, 
the  essential  mechanism  oan  be  described  In  the  following  simple  manner.  Upon  impinging 
on  ihe  nozzle,  a  vortex  ganu-atea  >n  acoustic  disturbance.  This  aooustlo  disturbance 
propagates  upstream  and  is  locally  amplified  by  the  diffraotion  around  the  corner  of  the 
backward-facing  step.  The  resulting  large  acoustically  induced  velooity  perturbs  the 
shear  layer  near  the  separation  point.  This  perturbation  propagates  downstream  at  an 
unstable  vorticity  wave,  which  results  in  the  formation  of  a  large  vortical  structure. 
The  proaeas  is  thus  self-sustaining.  We  call  this  class  of  oscillations  the  coupled 
mode. 


coupled-mode  oscillations  hav»  bean  described  in  many  different  terra  for  various 
flow  condition!.  For  example,  Rockwell  and  Naudaccher1  mada  an  txtensiva  review  of  th# 
eelf-auataining  adge  tone  or  cavity  oscillationa.  Culick  and  Magiavala9*  discuasad  the 
pressure  osoillmtlons  in  a  solid  propellant  rockat  in  which  tna  spacer  of  the  grain  shads 
vortices  that,  upon  lsp.'  ^ing  on  the  downstream  spacer,  generate  upstreea-propagating 
aoouatio  disturbances  that  initiate  new  vortices.  Ho  and  Wcaselr1'  investigated  experi¬ 
mentally  a  similar  faadbaok  mechanise  for  a  jet  impinging  on  a  fiat  plate.  Abouseif  et 
al.9  studied  the  generation  of  acoustic  upstream  faadbaok  by  tha  interaction  of  an 
entropy  vava  with  ♦  noaslt,  Martin  «t  al.  31  identified  a  similar  meehantam  as  tha  source 
oi  wind  tunnel  pumping  obaarvad  in  an  opan  jet  tunnal  with  a  downstream  diffuser.  Ta» 
and  Block9*  investigated  the  origin  of  the  pressure  oscillations  in  a  cavity  wish  exter¬ 
nal  flow.  Bogar  and  Sajben1*  used  this  mechanise  to  euplain  ths  experimentally  observed 
oscillations  In  a  diffuser  with  a  frequency  not  associated  with  tha  acoustic  mode*.  Nil- 
lieu  pointed  out  tha  possibility  of  combined  vortieity-aceustlo  oscillations  in  a 
combustion  chamber. 

We  present  hers  a  model  that  utilises  tha  intonation  on  tha  eharseteristlee  of  tha 
acoustic  aouroa  resulting  froa  tha  •ntaraotion  between  iapinging  vortices  and  tha  noasla 
disouastd  earlier.  Ne  also  include  ths  inlet  duet  as  part  of  tha  aeouaUo  system  in  tha 


couplzd-aoda  oscillations.  This  model  not  only  olsarly  demonstrate*  the  physical  mechan¬ 
ism  of  the  interaction  between  the  acoustic  wave  and  the  vortical  disturbance  but  also 
provides  a  method  for  evaluating  approximately  the  frequencies  of  the  coupled  modes. 


Eq.  (2 i)  is  rewritten 


,'n  the  following  forms 


US) 


where  A;  is  the  distributed  dilatation  field  contributed  by  the  source.  As  discussed 
earlier,  the  contribution  of  the  propagation  term  to  the  dilatation  field  is  small  com¬ 
pared  to  the  source  term  in  the  source  region.  Hence,  the  dilatation  field  computed  from 
the  simulations  mainly  consists  of  the  latter.  To  investigate  the  propagation  aspects  of 
the  acoustic  wave,  the  above  aquation  is  filtered  to  reveal  the  long-wave  behavior.  This 
results  in  restoration  of  the  propagation  term,  and  the  small-scale  sources  are  compact 
and  aan  be  represented  by  the  Dirac  delta  function  or  other  generalized  functions. 


It  is  perhaps  more  illustrative  to  use  acoustic  pressure  than  to  use  acoustic  poten¬ 
tial  as  the  acoustic  variable  for  this  simple  one-dimensionai  model.  Hence,  we  have 
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(26) 


In  the  above  equation,  the  convection  of  acoustic  disturbances  by  the  mean  flow  is 
neglected  for  low  subsonic  flows,  and  A'  is  the  filtered  dilatation  field.  Previously, 
we  found  that  a  strong  dipole  source  for  dilatation  is  generated  by  the  impingement  of 
vortices  on  the  nozzle  wall.  Tha  dimensions  of  ths  nozzle  ere  assumed  to  be  small  rela¬ 
tive  to  the  acoustic  wavelength.  Therefore,  the  multipole  expansion  of  the  computed 
diletetion  field  ran  be  applied  by  using  the  entire  nozzi*  region,  frou  the  entrance  to 
the  throat,  as  the  sampling  volume.  The  results  can  be  interpreted  as  the  acoustic 
response  of  tha  complete  vortex-nozzle-acoustic  interaction,  ainoe  the  dilatation  field 
ia  computed  by  solving  the  nonlinear  flow  equations  and  by  satisfying  the  exact  boundary 
conditions  on  the  nozzle  wall.  Henca,  wa  have 


A' 


CO) 


whore  a  is  a  transfer  coefficient  and  i,  is  the  axial  location  of  the  nozzle.  The  sign 
in  the  above  expression  is  determined  by  the  fact  that  the  dipole  source  ia  iso  degrees 
out  of  phase  with  the  vorticity  fluctuations. 


For  a  vortical  disturbance,  the  following  convective  equation  is  assumed i 


£0. 

91 
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whors  *»  is  ths  convective  velocity  for  the  vorticity.  in  this  one-disenaional  ncdal, 
the  detailed  dynamics  of  the  vorticity  is  lost.  For  example ,  tha  instability  of  a  vortex 
shtat,  or  s  xhear  layer,  cannot  be  included  in  one-dimensional  dynamics.  Instead,  an  ad 
hoc  model  of  a  growth  rate  e  for  the  vortioity  disturbance  is  included  in  the  above 
equation  to  reflect  the  apatlal  growth  of  a  vortical  disturbance.  From  Hiahalke,  1  the 
growth  rate  of  the  vortical  disturbance  is  related  to  the  thloknaas  of  the  shear  layer i 
It  is  larger  tor  a  thinner  shear  layer  and  vice  verba.  The  phase  speed  of  the  vortleee 
*.  was  imputed  by  a  two-point  correlation  of  the  vortioity  fluctuations.  It  was  found 
that  the  convective  speed  for  the  vortioity  in  the  dump  is  approximately  o.d  of  the  velo¬ 
city  In  the  Inlet  duet  end  is  substantially  slower  at  o.s  when  approaching  the  Impinge- 
sent  point. 

The  acoustic  equation  (26)  Is  applied  to  both  the  dump  region  and  the  Inlet  duct 
separately,  the  solution*  In  two  regions  are  matched  by  the  continuity  conditions  at  ths 
dump  plane,  rhua,  If  p,  and  p,  are  the  solution*  in  the  duet  and  the  duap  region,  respec¬ 
tively,  the  following  boundary  conditions  are  applied! 

Pi  =  Pi  at  » s  0  C*) 

It  s ** IT  w  t*> 

where  the  dump  plane  im  located  «  (  «  0  and  the  diameters  of  the  Inlet  duct  and  tha 
dump  are  d,  and  4S,  respectively. 

Numerically,  we  applied  a  constant  stagnation  pressure  boundary  condition  at  the 
Inlet  In  our  simulations.  This  condition  can  be  formulated  in  terms  of  a  homogeneous 
boundary  condition  by  linearisation  of  the  steady -state  isenttople  relation  as 

&*«,«■£*(»  pi) 

where  *’  ie  the  eeoustie  velocity  and  V  is  the  hath  number  at  the  Inlet.  In  an  unsteady 
calculation,  the  stagnation  pressure  aa  defined  by  tbe  euedy -state  fere,  strictly  speak- 
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ing,  la  not  applicable.  However,  without  better  implementation  of  the  inflow  boundary 
condition,  this  boundary  condition  can  be  considered  as  an  ad  hoc  assumption.  It  is 
important  that  this  condition  does  not  input  energy  into  the  acoustic  oscillations  in  the 
interior  of  the  computational  domain.  It  turns  out  that  this  boundary  condition  has  a 
damping  effect  on  the  acoustic  waves  in  the  system.  The  boundary  condition  does  not  gen¬ 
erate  spurious  acoustic  waves,  which  could  otherwise  be  mistaken  as  self-sustained  oscil¬ 
lations. 

The  nozzle  and  the  supersonia  region  downstream  of  the  throat  are  replaced  by  a 
dipole  souroe  in  the  acoustic  equation.  Since  the  behavior  of  the  dipole  source  has  been 
computed  by  a  direct  numerical  simulation,  the  left-running  waves  resulting  from  the  com¬ 
plex  vortex-nozzle-aooustic  interaction  are  included  in  the  radiated  waves  by  the  source. 
Thus,  no  additional  left-running  "free  wave"  from  the  homogeneous  solution  of  the  acous¬ 
tic  equation  is  required. 


The  remaining  boundary  condition  is  the  machanism  of  perturbing  the  shear  layer  by 
an  acoustic  wave  at  the  dump  plane.  At  the  step  where  the  boundary  layer  separates  from 
the  surface  to  form  a  free  shear  layer,  an  acoustic  disturbance  is  amplified  locally  by 
the  diffraction  around  the  sharp  convex  comer.  In  fact,  a  linear  acoustic  theory  will 
predict  an  infinite  acoustic  velocity  at  the  corner.  Research  in  the  past  had  been 
directed  toward  the  issue  of  so-called  acoustic  susceptibility  at  the  separation  point. 
For  example,  Orssag  and  Crow42  addressed  the  problem  in  the  incompressible  limit  by  exa¬ 
mining  the  shear  layer  behind  a  trailing  edge.  They  found  that  the  infinite  flow  velo¬ 
city  at  the  trailing  edge  Induced  by  the  instability  wave  of  the  vortex  sheet  must  be 
compensated  by  the  initiation  of  a  new  vortioity  disturbance.  Crighton  and  Leppinton43 
investigated  the  acoustic  susceptibility  of  the  shear  layer  behind  a  trailing  edge  of  a 
flat  plate.  Again,  the  Kutta  condition  at  the  trailing  edge  determines  the  vorticity 
disturbance  that  eventually  grows  into  a  large-scale  coherent  structure.  This  mechanism 
can  be  represented  by  the  following  boundary  condition! 


nutt  -  0e‘  -  0 
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where  u'  is  the  acoustic- induced  velocity  at  the  dump  plane  and  is  related  to  the  gra¬ 
dient  of  acoustic  pressure  by 


d«‘ 


Tho  vorticity  dynamics  and  the  acoustic  oscillations  are  coupled  through  she  dipolo 
souroe  end  the  boundary  condition  at  the  dump  plane.  The  system  of  equations  with  the 
boundary  conditions  is  homogeneous.  We  seek  an  eigensolution  of  the  form 


{M> 


where  /  ie  the  frequenay.  The  varieties  in  the  remainder  of  this  article  ara  all  nandi- 
mtnaicnsliiad  by  the  rafersnc#  quantities  (s.g.,  the  velocity  by  t,  the  spatial  coordi- 
nata  by  tisa  by  s ,/»)  and  use  tha  seme  nomenclature  ae  the  dimensional  quantities. 


The  vortioity  ague t ion  (it)  can  be  integrated  easily  to  give 


6* 


where  «„  la  an  arbitrary  integration  constant,  M*  la  tha  Mach  number  of  tha  vortex  eon- 
vmotlve  speed  end  a  stands  for  tha  nondlmsnslonal  growth  rata  of  vortical  disturbances. 

To  solve  tha  acoustic  aquation  (2t) ,  we  first  realise  that  the  Grean*a  function  for 
the  equation  la  given  by  a  retarded  potential  u 
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where  l  ia  the  Oirae  delta  function.  Thus,  the  particular  solution  for  the  forced  wave 
equation  (it)  can  be  given  by 


*!*“*»!)  p?» 

or 

C*> 

where  the  prime  denotes  tha  derivative  with  respect  to  the  argument.  Mote  that  there  is 
a  lt0-degr*e  phase  shift  in  tha  accoatie  pressure  screes  the  nettle,  thin  is  due  to  the 
dipole  nature  of  the  source.  tie  are  only  Interested  in  tha  region  *  * 


By  using  Eqs.  (35)  and  (38),  the  general  solution  of  the  forced  acoustic  equation  in 
the  dump  region  can  be  given  as 

p,  =  e 

A  =  o/3«  Mo  '  (40) 

if** 

F  =  f2t  (41) 

vhere  a,  and  a,  are  integration  constants.  It  is  useful  to  give  the  expression  of  the 
derivative  of  p,  as 

Pa,  =  */(ss*'**  _ 

+  (42) 

There  is  no  phase  shift  across  the  nozzle. 

The  acoustic  pressure  in  the  inlet  duct  is  simply  given  by 

p.-o.e^’+oj*'^  (43) 

vhere  a,  and  a,  are  integration  constants. 

The  coefficient  a,  can  be  set  to  zero  to  eliminate  the  left-running  "free  wave"  as 
was  discussed.  The  remaining  integration  constants  can  be  determined  by  the  boundary 
conditions,  Eqs,  (29)  through  (33).  Since  these  boundary  conditions  are  homogeneous,  the 
eigenvalue  /  can  be  obtained  from  the  condition  that  the  characteristic  determinant  van¬ 
ishes. 

The  eigenvalue  problem  contains  four  physical  parameters:  the  oonveotive  Mach 
number  M0,  tha  inlet  duct  length  I,  the  areal  ratio  between  the  duct  and  the  dump  K, 
and  an  overall  interaction  parameter  A,  as  defined  by  Eq.  (40).  This  parameter  is  non- 
dimensional  and  reflects  the  overall  degree  of  interaction  between  aoouetio  oscillations 
and  vortioity  dynamics  in  the  system.  For  example,  an  unstable  shear  layer  with  e  large 
growth  rata  a  will  interact  sore  strongly  with  acoustic  waves,  striotly  speaking,  A  is 
not  independent  of  the  frequency  /.  However,  the  present  assumption  of  a  constant 
interaction  parameter  probably  does  not  affect  the  real  part  of  tha  eigenvalue  /. 

The  characteristic  condition  can  bo  simplified  to  the  following  aquation: 

(f ff-7Tg*w,>«”+*> 


whore  H  la  the  areal  ratio  between  the  cross  section  of  the  dump  and  the  cross  section 
of  the  inlet  pipe,  and 

T=fAr,/  (49) 

The  frequency  is  a  complex  numb a%  and  absolute  instability  is  possible  when  I*  (/)  <  0. 
It  can  be  shown  that  there  is  a  stability  criterion  for  the  parameter  A  below  which  the 
eystaa  is  stable.  For  large  A,  it  can  be  shown  that  the  growth  rate  of  the  instability 
behaves  as  In  A.  Figure  16  ehowe  the  complex  eigenfrequenoiet  for  tha  first  two  modes 
for  various  values  of  A. 


The  frequanciss  of  the  first  two  modes  computed  from  this  modal  problem  are  ito  and 
160  Hi,  which  seams  to  reflect  what  hae  bean  observed  in  the  numerical  simulations, 
although  there  ere  discrepancies  in  the  numerical  values.  There  are  quite  a  number  of 
uncertainties  in  the  model  that  are  still  considered  as  ad  hoe  assumptions.  Tha  convec¬ 
tive  speed  of  vortices  in  the  dump  is  taken  as  0.5  of  the  jat  velocity  at  the  dump  plana. 
He  used  this  reduced  value,  as  opposed  to  tha  value  of  0.6  observed  in  a  free  jet,  to 
account  for  tha  deceleration  of  tha  vertices  as  they  approach  the  impingement  point  as 
wee  discussed  previously.  The  convection  of  acoustic  waves  by  tha  mean  flew  has  been 
neglected.  These  factors  can  certainly  affect  the  computed  eiganfrequenciea  by  using  the 
model.  Nevertheless,  this  simple  one-dimensional  modal,  using  the  behavior  of  the  acous¬ 
tic  sources  extracted  from  the  numerical  simulations,  is  very  helpful  in  understanding 
tha  complex  physical  proeesaas  involved  in  vortex -acoustic  interactions. 


Figure  16.  Eigenvalues  tor  the  Coupled  Mode 


8.  COMBUSTION  MODEL  AND  SIMULATIONS 

To  inolude  aosbustion  in  the  Model,  we  first  assume  that  the  thickness  of  the  flame 
in  a  large-eddy  simulation  is  only  broadened  by  the  subgrid  tine-soale  turbulence  and  can 
be  considered  as  thin  in  such  a  simulation.  The  burning  rata  in  a  large-eddy  simulation 
is  determined  by  the  propagation  of  the  flame  into  the  fuel  stream  at  a  subgrid  turbulent 
flame  speed  «r,  and  the  contortion  of  the  flame  by  the  large  eddies.  The  subgrid  tur¬ 
bulent  flame  spaed  needs  to  be  modeled,  while  the  flame  contortion  by  the  large  eddies 
can  be  directly  computed.  The  model  for  a  subgrid  turbulent  flame  speed  oan  be  supplied, 
for  example,  by  the  reoent  results  of  Yakhot,  44  who  computed  the  relation  between  the 
laminar  flame  speeds,,  the  turbulent  flame  speed  «r  and  the  turbulent  rms  velocity  a'  by  a 
re-normalisation  group  technique.  Specifically,  ha  derived  the  following  relation. 

■"  *  «P  I  N*) 
“*  ar* 

A  progress  variable  G,  with  G  ■  0  for  the  fuel  mixture  and  C  ■  1  for  the  combustion 
produot,  oan  be  defined.  The  aquation  governing  the  progress  variable  G  is  given  by 
Kerstain  at  al.4Sas 

^+t-VG«*,|7G|  *87) 

In  this  formulation,  the  turbulent  rms  valooity  must  be  supplied  by  the  transport  equa¬ 
tion  tor  the  subgrid  turbulent  kinetic  energy  equation,  i.e.,  k  -equation.  This  subgrid 
turbulent  kinetic  energy  equation  needs  to  be  derived  and  modeled.  The  chemical  energy 
release  is  than  locally  related  to  the  flame  convolution  and  the  local  flame  speed.  The 
effects  of  chemical  heat  release  can  be  included  in  the  hast  of  formation  in  the  expres¬ 
sion  for  the  Internal  energy.  This  model  is  currently  being  investigated,  and  the 
resulting  numerical  simulations  can  be  used  to  study  combustion  instability.  Tha  results 
of  combustion  simulations  will  be  reported  in  the  future. 

».  SUMHAAY  AMO  DISCUSSION 

He  have  investigated  pressure  oscillations  in  a  ramjet  combustor  under  cold-flow 
conditions.  The  main  contribution  of  this  investigation  is  tha  evidence  that  both 
resonant  oscillations  and  ooupled-eode  oscillations  exist  in  tha  combustor.  The  former 
represent  an  acoustic  tree  mode  excited  by  vortex  activities,  and  the  latter  are  oscilla¬ 
tions  in  which  the  vortical  disturbances  play  a  primary  role  in  the  formation  of  eigen¬ 
functions.  However,  the  amplitude  of  these  oscillations  is  email.  To  understand  further 
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the  origin  of  the  large-amplitude  pressure  oscillations  observed  in  an  instability  mode 
in  a  ramjet  combustor,  chemical  heat  release  must  be  included.  The  interaction  among 
vortical  disturbances,  acoustic  disturbances,  entropy  disturbances  and  solid  surfaces 
will  be  even  more  complex  than  in  the  present  case.  Both  acoustic  resonant  modes  and 
convective-wave/acoustic-wave  coupled  modes  are  potential  candidates  for  combustion  ins¬ 
tability  when  heat  release  is  included.  Application  of  the  methodology  presented  in  this 
investigation  to  cases  with  heat  release  is  nov  being  attempted. 

It  is  worthwhile  to  make  a  few  comments  on  the  present  numerical  simulations.  A 
simulation  of  tho  phenomenon  of  resonant  oscillations  takes  a  long  computing  time  for  the 
flow  field  to  evolve  into  a  quasi-stationary  state.  Even  for  the  present  axisymmetrio 
simulation,  significant  computational  time  is  required  to  obtain  enough  data  for  a  mean¬ 
ingful  statistical  analysis. 13  The  results  presented  here  are.  perhaps  the  limit  of  what 
one  can  do  with  state-of-the-art  computing  capabilities.  As  discussed  in  the  introduc¬ 
tion,  our  simulations  can  only  be  classified  as  large-eddy  simulations.  The  breakdown  of 
the  axisymmetrio  vortical  structures  into  three-dimensional  turbulence  cannot  be  included 
here.  The  transfer  of  spectral  energy  to  high  wave  numbers  by  three-dimensional  vortex 
stretching  is  missing.  The  resulting  dissipation  of  large  vortical  structures  can  only 
be  partially  accounted  for  in  the  present  investigation  by  the  relatively  large  molecular 
viscosity  and  perhaps  by  the  numerical  dissipation  near  the  end  of  the  combustor  where 
the  grid  spacing  is  large.  Extension  of  the  simulations  to  three-dimensional  space 
requires  a  computer  at  least  an  order  of  magnitude  faster.  Even  then,  a  subgrid-acale 
turbulence  model  will  be  required.  Subgrid  models  for  compressible  flows  have  just  been 
emerging.  These  models  need  to  be  validated  for  practical  applications. 
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DISCUSSION 


A.  Laverdant,  France 

What  are  your  initial  conditions,  is  it  zero  velocity 
everywhere  in  the  cavity  or  is  a  simplified  one 
dimensional  description  used  7 

Author's  Reply  ! 

The  flow  field  was  initially  set  at  the  stagnation 
conditions.  The  flow  is  started  by  lowering  the  exit 
pressure. 

S.  Candel,  France 

Having  diermined  the  dilation  it  is  possible  to 
integrate  the  Poisson  equation  for  the  potential 
and  then  to  get  the  acoustic  pressure  from  the 
potential.  Did  you  try  to  follow  this  path  7 

Author's  Reply  i 

One  can  certainly  integrate  the  Poisson's  equation 
for  velocity  potential,  subject  to  certain  boundary 
conditions.  This  Poisson's  equation  is  a  kinematic 
relation.  To  obtain  the  acoustic  pressure,  the 
unsteady  Bernoull's  equation  is  needed.  Although 
it  is  an  interesting  path  of  research,  we  have  not 
done  so. 

S.  Candel,  France 

Are  your  power  spectral  densities  obtained  with  the 
maximum  entropy  method  7  This  method  provides  nice 
high  resolution  spectra  but  it  also  yields  lower 
level  artificial  peaks. 

Author's  Reply  i 

The  power  spectral  densities  were  obtained  by  maximum 
entropy  method.  The  resulting  spectral  peaks  appear 
also  in  the  unfiltered  spectra  as  noisy  peaks. 
Therefore,  we  believe  that  they  are  not  artificial. 
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Les  recherches  fondamemales  peuvent  *tre  d'une  grande  utility  pour  la  maitrise  des  instabilites  de  combustion  haute  frequence 
des  statoreacteurs,  notamment  par  l'identification  des  mtcani  sines  d'entretien  et  d'amortissement  des  instabilites  et  de  lew  couplage. 

Avec  l'av*aement  des  ordinateurs  vectoriels  et  les  progrts  enregistrts  dans  les  mbthodes  numeriques,  la  simulation  de  la  com¬ 
bustion  iasutionnaire ,  biphasique  et  tridimensionneile  dans  les  {open  de  statoreacteurs  devient  possible. 

Dans  cette  perspective,  l'ONERA  a  entrepris  1‘adaptation  d'un  programme  de  calcul ,  K1VA,  pricddemment  ddveloppd  au  Los 
Alamos  National  Laboratory  pow  1’etude  des  moteurs  diesel ;  cette  adaptation  porte  en  priority  sw  l'introduction  de  conditions  de 
conditions  aust  limites  de  type  flux  entrant  et  sortant.  L'application  en  est  faite  sur  un  foyer  a  dlargissement  brusque  ("dump  combus¬ 
tor"),  alimente  par  un  combustible  liquide.  Une  description  detailiee  des  phenom*nes  physico-chimiques  pris  en  compte  est  donnee  et 
les  premiers  resultats  numeriques  obtenus  sont  compares  aveo  les  informations  provenant  de  calculs  comparables. 


NUMERLCAL-SIMUIATIQN  OF  UNSTEADY  COMBUSTION  IN  A 
DUMP  COMBUSTOR • 


Basic  investigations  can  be  of  great  interest  in  the  control  of  high  frequency  combustion  instability  in  ramjets,  in  particular  by 
identification  of  amplifying  and  damping  mechanism  of  instabilities  and  of  their  coupling. 

With  the  advent  of  vectorized  computors  and  the  progress  of  numerical  methods  ,  simulation  of  unsteady  ,  biphasic  and  three 
dimensional  combustion  is  now  possible. 

In  this  perspective,  ONERA  has  undertaken  the  adaptation  of  a  computer  code.  KIVA,  precedently  developed  by  the  Los 
Alamos  National  Laboratory  for  diesel  engines  study;  this  adaptation  is  essentially  concerned  with  the  introduction  of  inflow  and  out¬ 
flow  .  The  application  is  made  on  a  dump  combustor  with  liquid  fuel  injection.  A  detailed  description  of  physico-chemical  mechanism 
involved  is  presented  and  the  first  numerical  results  obtained  are  compared  with  similar  ones. 


1-IHTROPJCXIOM 

Le  fonctionnement  des  foyers  de  statoreacteurs  est  parfois  affect*  par  des  instabilites  de  combustion,  Ces  mdcanlsmes  peuvent 
avoir  des  consequences  catastrophlques  pour  la  vie  de  l'engin  [  1  ].  Ils  entndnent  gbnbralement  des  vibrations  de  forte  amplitude  sus- 
ceptlbles  de  dttrulre  des  tquipements,  un  transfett  thermique  accru  [  2  ],  une  trajectolre  Indesirable  de  l'engin,  un  risque  de  pompage 
de  l'entrie  d'  air,  La  mise  au  point  des  foyers  peut  litre  prolongde  dans  le  temps  et  entralner  une  augmentation  du  codt  do  de- 
veloppement,  voire  un  ajournement  du  projet.  La  demarche  employee  au  cours  des  annhes  cinquante  et  solxante,  en  vue  de  s'affranenir 
de  ces  mdeanismes,  ag6n*ralement  consist*  *  proebder  4  de  nombreux  essais  oO  diverses  solutions  reconnues  pour  lour  efficacite  sont 
testees.  II  s’aglt  de  disposer  des  aubages  longitudinaux  It  long  des  parols  de  la  chambre  [  3  ),  de  modifier  les  conditions  d'injection 
( 4  ],  de  modifier  l‘*coulement  au  volsinage  dun  accroche-flamme  [  S  ].  Au  cours  des  anntes  cinquante,  un  contrSle  acoustique  derive 
des  techniques  d'asservis3ement  a  et*  envisage  pour  les  fusees  a  ergols  liquides  par  le  Pr.  Crocco  [  6,7  ],  et  plus  r*cemment  a 
t'Unlverslte  de  Cambridge  [  8  )  alnsi  qu'4  l'Ecole  Centrale  de  Paris  [  9  ],  Ces  diverses  npproches  permettent  generalement  de 
s'affranchir  du  problems  des  instabilites,  mais  l'idtal  reste  dependant  la  prevention  des  le  staae  de  1'avant-projet.  Cet  objectif  est  a 
l'orlglne  de  nombreuses  etudes  a  caract*re  plus  fondamental  visant  1' amelioration  des  connaissances  et  la  creation  d'outiis  predictifs 
performanu, 

Les  engine  modemes  presement  generalement  des  geometries  complexes  avec  des  entrees  d'air  lateralos.  Si  cette  configuration 
permet  de  s'affranchir  do  la  presence  d'accroche-flamme,  elle  est  a  Torlgine  d'un  ecoulement  tridimensionnel  dont  1'analyse  est 
particulierement  difficile.  Des  visualisations  hydrodynamlques  menees  par  Htbrard  et  ses  collabortteura  au  CBRT-DERMES  [  10  ]  et 
par  Stull  et  al.  a  1'AFWAL  [11],  ont  permis  de  decrire  la  disposition  des  recirculations  et  des  jets.  Cette  demarche  qul  presente  de 
nombreux  aspects  interessaats  tels  que  la  prediction  des  limites  pauvres  et  riches  ^extinction,  la  determination  des  parametres  per- 
mettam  d'ameiiorer  le  tendement  de  combustion  ne  donne  que  peut  d'indioatiotts  sur  les  instabilites,  Elle  fouralt  toutefols  des 
informations  qualltatives  et  ne  permet  pas  de  prtdtre  r  ecoulement  rtaetif  rencontre  en  pratique, 
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L*  complexity  dee  mecanismes  tridimensionnels  mi)  en  jeu  conduit  g*ntralement  *  envisager  use  geometric  plus  simple,  du 
type  bidimessionnelle  ou  it  sym*trie  de  revolution,  pour  l'etude  des  instability*  de  combustion.  L  ’aeaoehage  de  fltmme  pent  6tre  rta- 
lise  a  l'aide  d'un  fil  ctulytique  [  12  ],  d'une  fltmme  pilot*  [  13  ].  d'un  accroche-fUmme  [  14 },  ou  de  plusieurs  mtrches  [  14-21  ].  Ce 
dernier  type  de  configutttion  est  le  plus  souvent  retenu  etvtCtrele  seul  cas  examine  dans  la  suite  de  ce  travail. 

Des  etudes  analytiques  sur  les  instability)  de  combustion  d'un  foyer  k  Clargissement  brusque  (“dump  combustor "  dans  la  lilte- 
rature  anglo-saxonne) ,  ont  etc  envisagees  par  Culick  et  ses  etudiants  au  California  Institute  of  Technology  [  22-25  ].  Les  techniques  de 
resolution  employees  sont  bas*es  sur  une  methode  de  perturbation:  ("’averaging”  [  26  }.  Les  r*snltats  obtenus  ne  permettent  pas  une 
prediction  exacte  de  la  stability,  mais  ils  foumissent  des  indications  int*ressantes  sur  la  nature  des  couplages  mis  en  jeu  entre 
l'acoustique  et  l'entropie,  la  combustion  et  recoupment  moyen,  les  conditions  aux  limites. 

La  majority  des  etudes  recentes  sur  les  instability)  de  combustion  des  statorCacteurs  font  largement  appel  aux  methodes  nu- 
meriques.  Poinsot  [  21  ]  utilise  un  schema  aux  differences  finies  pour  intigrer  les  equations  d'un  modble  simplifie  dans  le  cadre  d'une 
hypothCse  de  flamme  mince  Les  rtsultats  obtenus  montrent  que  la  prevision  des  mecanismes  d'instatibilite,  des  amplitudes  et  des 
phases  relatives  des  different)  pararaetres  de  l'ecoulement  sont  satisfaisantes. 

Devant  la  complexity  des  mecanismes  mis  en  jeu,  il  est  psrfois  possible  d'envisager  une  demarche  numCrique  simplifiee  dans 
le  cadre  des  hypotheses  de  linearisation.  La  notion  d'‘'*coulement  moyen"  est  alors  envisageable  et  l'acoustique  est  dCcrite  sous  la 
forme  d'une  superposition  de  plusieurs  modes  acoustiques.  La  prevision  de  des  deux  aspects  doit  *tre  abordee  a  l'aide  des  method es 
numeriques.  Ulley  [  27-29  ]  propose  une  revue  des  methodes  numeriques  pour  la  prediction  d'Ccoulements  stationnaires  dans  les 
foyers  et  etudie  l'ecoulement  avec  une  composante  tangentielle  dans  un  statortacteur  [  30  ].  Une  resolution  des  equations  de  Navier- 
Stokes,  pour  l'etude  des  recirculations,  ct  des  equations  de  Navier-Stokes  parabolisees  en  aval  des  recirculations  est  effectubes  por 
Brown  et  Hale  [31],  Des  predictions  d'ecouiements  tridimensionnels  rtactifs  et  biphasiques  dans  les  foyers  de  turbomachines  ont  *t* 
effectues  *  l'Universite  de  Sheffield  par  Boysan  et  al.  [  32  ].  Les  rtsultats  obtenus  sont  Lmpressionnants  et  permettent  une  mise  au 
point  plus  facile  des  foyers.  Cependant,  le  temps  de  ealcul  requis  pour  la  prediction  d'un  probleme  stationnaire  reste  gentadement  su- 
pbrieur  *  celui  demand*  par  un  problbrne  pseudo-instationnaire. 

L'ecoulement  moyen  peut  comporter  des  instability)  k  baste  frequence.  Une  methode,  dite  des  "tourbillons  aieatoires",  permet 
de  prtdire  les  bcoulements  incompressible  sans  l'utilisation  d'un  maillage  [  33,34  ].  Cette  method*  a  et*  adoptte  par  Giovannini  et 
Karagiannis  [  35  ]  i  l'etude  de  l'itude  de  l'ecoulement  non  rtsctif  dans  un  moteur  alternatif.  Cette  demarche  a  necessity  l'introduction 
d'une  compressibility  et  a  permis  de  caracteriser  les  grosses  structures  tourblllonnaires  en  aval  d'une  soupape.  Cette  methode  permet 
une  caracterisation  de  Lt  turbulence  dans  des  geometries  simples.  Des  travaux  rtcents  ont  *t*  mends  au  Massachussets  Institute  of 
Technology  par  Ghoniem  et  ses  collaborateurs  pour  des  cas  non  rtactifs  [  36-39  ]  et  rtactif)  [  40-41  ].  Les  rtsultats  obtenus  sont 
interessants,  mais  l'utilisation  de  la  transformation  de  Schwarz-Christoffel  limit*  r application  de  cette  technique  a  des  geometries 
elementaires. 

En  resume,  le  calcul  de  l'ecoulement  moyen,  susceptible  de  comporter  des  instabilites  hydrodynamiques  a  basse  frequence 
(quelques  Hertz  k  quelques  dizaines  de  Hertz),  fait  appel  a  des  methodes  numeriques  delicate)  a  mettre  en  ceuvre  et  assez  coOteuses  en 
temps  calcul.  L'analyse  de  la  stability  n*cessite  encore  la  determination  des  modes  acoustiques  de  la  cavit*.  G*n*ralement,  quand  le 
foyer  prtsente  une  g4ometrie  proche  de  celle  dun  cylindre.il  est  suppose  que  1'influence  des  perturbations  de  geometric  et  de  distri¬ 
bution  de  celerity  du  son  peuvent  *tre  negligees.  Cependant ,  des  calculs  de  modes  propres  par  une  method*  d'eiements  finis  montre 
que  cette  hypothese  doit  *tre  remise  en  cause  [  42  ].  Si  la  demarche  qui  consist*  a  envisager  de  separer  l'ecoulement  moyen  et 
l'acoustique  conduit  a  des  rtsultats  int*ressants,  la  precision  des  rtsultats  est  limltee  et  le  coOt  des  calculs  est  *lev*.  Cette  demarche  doit 
egalement  dtre  abandonnee  en  raison  de  1'absence  de  prise  en  consideration  des  mecanismes  non  lin*alres  de  la  combustion  turbulent*. 

Devant  les  limites  *voqu*es  prtc*demment,  il  a  et*  envisager  de  simuler  directement  l'ecoulement  instationnalre  turbulent, 
rtactif  et  parfois  biphaslque.  Cette  demarche  vise  soit  l'etude  d'un  tcoulement  moyen,  reprtseme  comme  la  Umite  asympt  clique  d'un 
mbcanisme  transitolre,  soit  a  l'etude  des  ph*nom*nes  instationnaires.  Cette  derniere  approche  a  et*  envisage*  a  1'ONERA  [  43-48  ],  a 
la  NASA  ( 49  ],  et  a  1'Ecole  Central*  ( CNRS )  (  18-20,  50, 51  ).  La  simulation  direct*  de  l'ecoulement  comportant  des  structures 
tourblllonnaires  a  grande  echelle,  l'acoustique  et  les  reactions  chimiques,  n'a  *t*  aborde  que  rtcemment  au  Naval  Research  Laboratory 

par  1‘tqulpe  de  Oran  et  Boris  [  52  ],  Les  rtsultats  obtenus  sont  impressionnants.  Toutefois,  la  prise  en  consideration  d'un  brouillard 
reste  n*cessaire  et  la  combustion  turbulent*  n'est  pas  prise  en  consideration. 

Les  bases  de  la  modeiisation  de  la  combustion  d'un  brouillard  ont  et*  poshes  par  Williams  ( 53,54  ].  Cette  demarche  est  rest*e 
limit**  pendant  plus  d'une  decennic  *  un  caractere  purement  formel.  La  presence  d'ordinateurs  puissant)  capable)  de  prendre  en 
compte  les  divers  mecanismes  dhcrits  dans  l'*quation  de  LiouviUe-Boltzmann  a  conduit  Westbrook  ( 55  ) ,  en  1977,  a  une  premiere 
tentative  de  resolution,  sulvi  de  Gupta  et  Bracco  *  l'Universite  de  Princeton  [  56  ],  pour  des  moteur)  k  combustion  interne.  Au  debut 
des  ann*es  1980,  l'arriv*e  des  super- ordinateurs  vectoriels  CRAY,  a  permis  de  d  aborder  la  resolution  de  l'ecoulement  turbulent, 
rtactif,  biphaslque  dans  l'hypoth*se  d'une  sym*trie  de  revolution  |  S8  J,  puis  en  tridimensionnei  dans  un  moteur  A  combustion  Interne 
[59,60  ) ,  au  Los  Alamos  National  Laboratory,  Une  application  au  cas  d'un  foyer  *  elargissement  brusque  a  et*  effcctuCe  par  les 
concepteurs  de  K1VA  [  61  ].  Bile  donne  des  rtsultats  trts  rtailstes,  en  particular  pour  la  forme  du  brouillard,  comparable  a  celle 
relevte  exp*rimentalement  par  Yule  et  Bolado  [  62  ]  sur  une  experience  rimllaire. 

Sous  i'eglde  des  services  offieleli  (  DRET  ),  ce  programme  a  et*  Implant*  sur  les  ordinateurs  CRAY1S,  puls  CRAY  XMP- 18 
de  1'Offlct.  Dei  tests  ont  ete  effectues  en  vue  de  veritler  les  capacity)  de  KIVA  a  simuler  des  mecanismes  acoustiques  non  lineaires 
(tube  a  choc).  Ensuite,  des  transformations  ont  et*  effectutes  dans  le  programme  en  vue  de  permettre  ia  simulation  d'tcoulemems 
avec  des  flux  entrants  et  sonants  supersoniquet  et  subsonlques.  Les  premiers  rtsultats  obtenus  dans  le  cas  d'un  ecoulcmcnt  rtactif, 
turbulent,  biphaslque  et  instatlonniir*  sont  prtsentts  dans  cet  article. 

La  m«d*llsatlon  et  lei  aquations  de  base  des  divers  mecanismes  physicc-chimiques  mis  en  jeu  sont  prtsent*s  au  paragraphs  2. 
Lei  aspects  essentials  des  methodes  numeriques  sont  ensuitt  decrits  au  paragraphe  3.  Cette  presentation  aborde  separtment  les 
phenomenal  de  champs  et  les  conditions  aux  limites,  Les  rtsultats  obtenus  sont  d*crltes  au  paragraphs  4  et  diicutes  au  paragraphe  5. 


2-BOUATIONS  DB  BASE 

La  eombuidon  d'un  brouillard  en  regime  instationnair*  est  dScrite  par  les  equations  de  bilan  pour  la  phase  gazeus*  ( para¬ 
graph*  A ),  et  par  une  equation  de  UouviUe-Bolixmann  qui  permet  d'evaluer  les  termet  sources  rencontres  dans  let  equations  de  bilan 
( paragraphe  B ).  Les  expressions  d*taiil*es  sottent  du  csdre  du  present  article,  ce  qui  conduit  a  se  limiter  a  un  minimum  permcttantla 
comprehension  de  la  demarche  suivie. 


Dans  tout  ce  qui  suit,  il  va  Are  suppose  que  le  brouiliard  rtste  suffisamment  dilut  et  que  le  volume  deplace  par  tea  gouttes  reste 
nbgligeable.  L'espice  indicie  *  l'unite  est  le  combustible.  Les  equations  de  bilaa  pour  la  phase  gazeuse  sont  celles  de  la  densite  de 
l'espdce  m,  la  deosite  globale,  la  quantite  de  mouvement,  l'energie  interne,  renergie  dnetique  turbulent*  et  requation  d'etat 
[59,60,63  ] 

3--+V.<pini)=7.pDVp Upl+p.S.,,  .  (1) 

at  [Ip/. 

1P+V.(P.)=P,  .  (2) 

at 

—  (p»)+V.(p»m)  =  - Vp +V.O  +  F,  ,  (2) 

at 

—  ( pi )  +  V .  (pI»)=-pV.m  +  o:V»+  V.  J  +  Q,  +  0,  +  0T. 

at 

—  (pq  )  +  V.  (Pq»)  =  - -pq  V.»  +  0  |V«  +  V,  (p  Vq  )- DpL-1q%  +  Vf,  ,  (5) 

dt  3 

P=R,TV-^  (6) 

»WB 

Dans  le  systeme  ci-dessus,  pm  est  la  densite  de  1'espice  m:  P  =  £  Pm  ,1a  densite  globale;  ■,  le  vecteur  vitesse  ;  D,  le 

ta 

,c  * 

ccoflicientde  diffusion  suppose  constant  pour  toutes  les  especes;  pm,  le  taux  de  production  de  padO  aux  reactions  chimiqucs;  pt,  est  le 
variation deta  densite  de  l'espbce  m»  1  do  it  I'evapocationoukla  condensation;  Smi  designe  le  symbole  de  Kronecktr  ( 6ni=l  sim=l ; 

C  •  - 

sinon=0  si  m  » 1)  .p^etp.vontStre  exprimes  dans  ce  qui  suit.  Dans  requation  ( 3 ).  pest  lapression;  o=|l[  V»  +  ( V»)  *  ]  +( V.nfJ 

est  le  tenseur  des  contraintes  visqueuses  oO  X  et  p  sont  les  premiers  et  deuxibmes  ctefficients  de  viscosite;  ( )  T  et  1  designent 
respectivemenr  un  tenseur  transpose  et  le  tenseur  unite;  F,  est  la  quantite  de  mouvement  par  unite  de  volume  et  de  temps  transfer  par  le 
brouiUard  au  fluide.  Dans  (  <t  ),  1  est  renergie  interne  du  fluide:  I  (T)  “  £p„'P  IBCn(s»nsl'appo«  d'energie  dUaux 

m 

reactions  chimlques) ;  J  »  •  K  V  T  -  p  D  £  hm  V  ( pm/  p ) ,  le  flux  de  chnleur:  Q,,  la  chaleur  Uberte  par  les  reactions  chimiques;Q,estun 

m 

terme  source  associe  a  finteraction  entre  le  fluide  et  le  brouiUard.  tandis  que  (jTest  associe  4  la  turbulence.  Dans  (  3  ),  q  dtsigne 
1‘enetgie  clnitique  lurbulente.  Les  termes  du  second  membte  tradulsent  respectivement  la  creation  de  turbulence  par  compression, 
cisalllement,  diffusion  de  la  tutbulcnce,  dissipation  visqueuse  et  par  le  travail  des  tourbiUons  sur  les  gouueleues,  Dans  (6).  WBestla 
masse  molaire  de  l'esp4ce  ra.  t 

« 

Dans  le  systeme  precedent,  plusieurs  termes  sources  de  la  phase  gaseuse  doivent  (tre  expUdt*s  :  P„  ■  Q,  •  Or  ainsi  que 
1'expression  de  la  viscosite  dyaamique  p.  Pour  un  systeme  de  reactions  chimlques 

Eb~X,»  (7) 

in  « 

o0  X  „  represente  une  mole  de  l'espdce  chimique  m;  a^ctb^sont  l«s  cteffidentt  stuchiomttriques  enticn  pour  la  «**•  reaction 
chimique.  11  vient: 

Pbb  (b^j-a^iu, 1  (b^-a,,, )<i),  ,  (8) 

<  i 

3eBE(lf<VE<U(‘>.  ■  (9) 


Dans  { 8 )  et  ( 9 ).  U,  et  u, designent  respectivemeiu  les  taux  de  production  de  ta  r*"“  reaction  de  dnetique  ehlmiqu*  et  de  la 
s4,mreacUon  d'equillbre;  q,  et  q»  sont  let  chaleurs  de  reaction  negatives  au  sero  absolu.  Le  taux  it  production  to,  est  evaiu*  comm*  suit: 

vkh?te)  uo> 

kfr  et  kbr  sont  les  ctsffidems  directs  et  inverse  de  It  reaction  r  et  les  expos  ants  •«*  et  bw  specifier*  lord*  de  ta  reaction  ( pour 
unc  reaction  ttememalrc  »*,“  aw  et  bw>  bw ).  kpr  et  kbr  sont  esprunes  sous  la  forma  d  un  Id  d  Airhedus  generalise*; 

(U> 

kw-A»,T;“«pSt  (U> 
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ou  EfcttEj,  soju  lej  temperatures  d'aaivition  ( en  Kelvins ).  Letauxde  progression  arequiUbtew,  est  donut  parla  condition: 


*  kJ(T  )»  e*j>(  A,laTA+^  + C,+ D,Ta+ E,Ta‘)  ,  (1J) 


oa  K  j  (T)  est  t« consume  d'equilibrt,  ecrite en fonction del* eonceantioo  pourl*!**' espece  «TA  =  T/1000. 

Dus  l'tquaiioa  ( 4 ),  q,  qui  dtfinit  le  cenne  source  d'tnergie  dd  a  la  turbulence  p«cd  la  forme  rtivanie: 

(jT*  AB<6pL‘q%-o:?u)  .  (14> 

oO  Ao  =  0,  danslecasoO  rtcoulement  est  liminaire  et  Ao  *  1,  pour  da  ecoulement  turbulent.  Le  cttfCdew  de  viscosite  dy- 
namique  |t  est  compose  de  trail  termes: 

y  t 

P=PVB*lilj,+  li,aPv0  +  A,-^-  +  ApLq,/i  ,  (15) 

T  +  Ab 

od  v0  cst  une  diffusion  turbulente  uniforms;  A«  °  (i  f  T»j  )«Aj*  110,4  loot  its  cceffirients  de  ta  loi  de  Sutherland  et  it, 
correspond  Ola  viscosite  turbulente;  A  «  0(0,05),  L=  2  A  pour  un  maillsge  rtgulier  od  A  est  It  uiile  d  une  cellule  dens  le  modele  Sub 

Grid  Scale  (S.G.S )  [  64,6 S  ].  U  est  intCretsant  de  noter  que  ce  modele  de  tuitiulence  est  proche  de  celui  de  Prandtl  Kolmogorov 
Ceue  transformation  peut  4tre  rtaliste  en  changeanl  les  valeurs  des  coastantes  et  (expression  de  ta  longueur  L. 

Dans  le  systtme  des  equations  de  bUin.  il  teste  a  exprimer  les  tonnes  sources  associts  a  u  phase  Uquide,  qui  soot  prtsewes 
dans  le  paragraphs  suivani. 


Les  elements  essentiels  de  la  dynamique  de  la  phase  Uquide  et  son  interaction  avec  la  phase  gazeuse  soot  prise  en  compte  a 
traven  une  fonction  de  distribution  f  derived  de  la  theorie  cinetique  des  gu  1 63,66 ) : 

f  (»,».  r.Te,  «'.< )  dtrdr  dTe  Ur  (16) 

Cette  fonction  donne  le  nombre  probable  de  goutteleues  par  unite  de  volume  au  point  a  et  nu  temps  t,  avec  des  vttesses 
comprises  entre  »  et  *  +  de,  un  rayon  appurtenant  a  intervene  ( r,  r  ‘  dr  J.  des  temperatures  comprises  entre  T«  et  Ta  *d'l'a.  des 
fluctuations  de  vitesse  turbulente  dans  intervalle  (  a'  »  da' ) ,  Cette  compos  ante  de  vittsse  turbuleme  cst  ajoutte  a  la  Vitesse 
moyenne  du  gai  dans  le  catcul  de  la  trainee  de  ta  g outtelette  et  du  taux  d'Cvapontion.  U  est  Cgalement  suppose  que  chaque  composantv 
de  ■' obeit  a  une  distribution  gaussienae  avec  une  variance  213  q.  U  est  suppose  que : 

f(x,*.r,Ta.n.t)«f*U,».r,Ta.t) --M  «*p  , 1 W  .  (1?) 

3  la, 


ou  f*  e*  obtrnue  par  integration  sur  town  Its  valeurs  de  • 

La  variation  de  f  est  obtenue  en  rtsoivaat  l'  equation  de  UouvUle-Qoltxmann : 

it  ir  iTa 

ou  let  quantuet  9,  R.  Td.  • '  reptesenttat  les  variations  tempereUei.  en  sutvau  une  geuaelcue  uotM,  de  to  wrasse,  sen 
rayon,  u  temperature  «t  la  fluctuation  turbulent*  da  vilest*  du  gaa. 

L' acceleration  de  ta  gouuetcue  f  est  donate  par  le  preduu  de  la  fere*  d 'taenia  du  gas  exereee  sur  la  gauue  par  ua  eutttietera 
tie  trainee,  divtte  par  ta  maue  at  U  geuuelette: 


„  3  p 

9  *  1  •-*  —  ”=3  ( •  »  »  ■  e ) 


od  p, mi  la  draiitt  du  Uquide  et  GOmg^d*  Ref  »3p|n*  •  rlrip^if  )<t  IOOO(aveet*T«aTa#3) 

CB*0, 424  4Rtr«  1000  - 

U  taux  de  variatioa  du  rayon  tie  I*  gwnuteue  R  est  deent  par  la  eorrelwstw  de  Pruailii^  1 62 ) : 


aw«UB»(¥,.  V,)i(  |.  Y, )( aorabra de SpaUiag  ): Sk *  (3.0  .  e,6 Re, h Se,  1 ) (k ( t»  b^s  B^aombraer  Sbrnwod) 

>(MM^4eSckiiitttdelafwitciile)l(p  O)IM  est  to  ddfaxtwe de  rarabeiuile gaxenx da* fei»yt* fr  ep  <t 
Vt*«4Ufraainetamtiquedaet>ra>uttiblegneexfneinitpar: 

Vfei  / 


1.1-5 


Dtfis  ( 21 ).  W0ret!t  fraction  moltire  moyenne  de  to mes  lei  repecre  exctptee  It  premitre;  p,  (T4)  designe  ttpression  de  v«f 

-t>, 

stturaalo  tit  temperature  tmbitmrT+  Ecfa.( p  D)^(T)°D1T  ,  od  D(et  D^ont  des consumes 

Le  uux  de  vaistion  dc  la  temperature  de  la  goottdttu  e*  deurmine  p»  It  biltn  d'enesgie : 


p  i*r1C1TJ-p,4Hr*RL<T4)=4jtrJQt. 

r  3 


(22) 

oO  Q  rat  It  chtleur  specifique  du  liquide;  L  (Td).  It  chtleur  Itteote  de  vtponstuon:  Qd  ,  It  conduction  therctuque  t  U  surftce 
de  It  touue  pre  unite  d'tire.  Physiquemeni.  it  relttion  ( 22  )  tnduit  on  eauiilbtt  eotre  It  chtleur  tppottee  t  It  goutte  qui  sen  e  son 
cbtuiitge  ou  (omit  rencrgit  pour  U  vtponttliaa  Qd  at  donne  ptr  it  lot  at  Rtni-Mtnhtii  ( 6?  ] : 

orbs*™™** 


2  r 


W  ' 


(W) 


tvecN,=  (2.0*0.6RH'4p|fV1)(to( ,  »  b,))<  B,(  nambrede  Nussett  ):?„*  ltA{f)C,(f  >/K*<T). 

„y  „ 

K,j,(T)=  KtT  */(T »Kj);  ou  Kt«  Kj  sent  dcs  consumes. 

U  ret  tg  element  suppose  que  I  tnagie  interne  du  liquid*  II  ne  depend  que  de  U  temperance.  U'etuittipie  du  Uqutde  prescoie 
qutateelieunefiibit  depcodtnce  vise  vis  dcUpressioa;.h|(Tu)-  l|  ( T<>  +  p/p^  • 

U  (luctuitien  de  vitesse  turbulent*  du  |>t  at  chouie  de  ftcoa  tlettotro  suivtnt  use  distribution  gtusswuw  (  17  )  uue  (on 
-  .  I  U  , 
touslestMt,tv«etiuS*<  »-M  •(  ”"i > 


./•IT-. 

q'l  1 


U  term*  touree  (V*  represvnte  te  uus  de  vtristioo  de  t  du  m  collisions  Ut  pour  repression'. 

<«tu  *  j  jj »*(  *  » fi-Tu ,.» ) !*<  S.tt.fj.T.j.t ) 

*  <f  t  **!  )*'|®  }.*.») 

-S ( r ■=» | ) 4 )  4 ( T,,-Tt ,  >  S(  f>»} ) 6  (snstj ) 4 ( TrT4S  )| 
dr  t  tHr,  df*  t  dfj  d»j  itt  j 


U*> 


U  (attaint  e  ««  defttw  de  (mot  que  «d  «dr  le  tewfere  prebtbk  de  gswtre  poised  ret  dre  reterees  dtM  turret! te 

( *  *  <  d«  ),  tw  reyot  tpfwtettAt  1 1 r.  r  *  dr  |,drt  tratpintitret  dtM  |  T*.  tj  *  dtj  ).  treed sm  d*  te  teUiwt  done  jtoutte 
puuedtM  Ire  ftuprwte*  I  et  ewe  mtt  let  prapnnre  2.  Beta  types  de  utlbutHtt  pwvrew  &  *  retread m  U«  |  suits  pcovtM  tiler  \m 

use  cotieteetret  qwred  at  pmmitre  dtttpaa  b  res  ulwiew  t  at*  redear  b*  « ebttgw  ire  release  de  teres  wgrereew  de  metre 
taut  etgiidttl  Ire  ttlttrelttaetettempretttereqtttiittUetlli  bet.  Upwiitwrebt,  ret  dotte  pur- 


tm 


«i i * rj <»» •* » rt. W*t* =■  (r4ym<tfU utwre  nfaWMile  dt iqete  t4»  ifjTt, « fjtsinv  ■ 


tn*r}» 


petr  d  ret  U  Mirttte . 

|» 

» 

i  ) 

v 

%  % 

s 

3  1 

r,«es 

<*l 


yn 


(Si) 


i  *  * 

r^.erjttj  »»,(*,-♦,)  - * 


*%**»-K 


i  i 

e,.r4 


m 


IJ-6 


»  »  S,  ,  b-b„ 

t,  ♦  ft  »J  +  f2<  *1-  *1 )- - - — 

U  ♦<■»-*>.» 


Uaaraiiatenaai  posable  dexprimerlejwrmejjowctjp,.  Fs.  Oj.  W,  : 


Q,*-  j  Ip, 


t,“  -  j  dT4i«  »  -  J fp>4#rJ 


RdedrdT4d*  .  (29) 


4sr*R  l,(T4)>  •~»r*  C,t4*  F.  (»-•-•  )  |  d*drdT4d» 


P,«~  I  t“(4*pr*p,)d»*«rr4di 

J  1  ( 

W,a  -  j  fp4  *rJK 

i  1 


ff»f  4",* 


RdvdrdTjdB  .  ( Jl  ) 


•  d*drdfr4d« 


U  syakmv  eki  <t)u*Usa«  de  btlaa  paw  U  phase  j«euw  «  lei  urmas  it  ?wipla$<  ik  la  phase  Uqutde  »a«i  twegm  a l  ank 
il  tie  aljtxuhmV  special  »i»  au  fonts  i  U»  Alamos  el  does  let  jww»f4leiejrte«nsu<tue*  w«doaai«  daatc«<|u»  stm 


y  mkihqdks  MinaunuKi  i ».  «  i 

(4  uehmqw  uulike  ess  *i  type  volume  Imt*.  U  pSupws  ike  gfentJeers  physiques  mm  avaj wee*  da  temps  t  *  *u  se»p*  i  ** 1 
( A  l*  *  »*" 1  ■  t*  )  «  Uni  Stapes  tliat  la  phase  A  In  etfes*  des  t« met  «e  penaas  pji  ea  two  pie  la  peevtiwi  ei  la  convection  sens 
inteent*  la  pfeiw.Q.  e*«re  afpelee  seek  lagraaften.  iasegse  In  tetmei  lies  4 1'oowitqtie  aino  qoe  U  ttaiaee  ties  geutteleties  gnlie 
la  pw»£.  eneor*  appetie  lemaittag  e  ( 'letotuagAutt  la  Uuwawis  angltasuiMwe ).  petstet  te  calcul  tie*  Hit*  da  mawe  « tie  quantise 

tk  SHHJVemeat 

l>*a»  la  ikwrumm  spatial  e.  In  pwStws  UmwedjwaMMiKa  m  twhuteMes  sunt  de!l«n  au  estate  in  kwta  wegulten 
(figw#  I ).  tMdli  qae  In  vttesva  six*  ernes  *a»  ssmmss  dee  eeilakt  t  phase  A  et  C ).  on  ignite  a  la  moyesuie  tk*  vsseswe  tekvese 
au»  tptatre  immwm  i  aw  fare  predatt  U  phase  H 

Dei  rellatw  da  «|a»MUH  da  *m  «f<d«Meat  deftmts  t  Fi*we  J>  til  In  sm  tenure*  aw  le  point  *.  j.b  MDat 

f«u44aat  ittuK  thtKtutf  tlaat ft  altt  um  imm*  itw  am  da  la  fwe  d  a«4  eel! tile  KfaUeae  Ut  vsitMan  at  In 

pcdjaeUMi  4«  Im«i  mm*  *t  dwwte  ym  *  fartk  «ei  tdentoMte*  <kt  f<*«M  6 me  tetlirie  f  *•  { 

tad  talealt  *H  aUyalaa  da  mtm*  u  da  tteiWM  *m  mtm  twee  I  byfMbna  t(ae  lea  magwadta  tm  mlmma  dwu  In 
ttll»i«v*twl«*lt.»*  UaumtalmkmWawaia'uiitkTmtltttiaaaaUtotMtafoa.  ttrtUakalkn  yeyin-Utn 

/r  dA-X»,A  c»'» 

* 

ti  m  tptemM  m#m  m  nmt*  nk*lw  iV&  »  K  **  **e  Im*.  m  Q  4**$*  mt  pmto*  v&lim  mum  - 

l ton,  ■  ■  IW> 

mi  l*»  paiw  a  a»  b  am  Ja*  amm  dn  catMn  «d|<dwi««  lepaan  par  U  late «,  ^aa  la  «na*w  «$««  pm  k*  f<w*i  a  ai » 
t«  MUgMtei  da  mtiwt  fmut  «w  U  tcttlak  da  ^aaaaua  da  NMMtcaaaaa  um  tvtututt  ea  tau^mn  da  wri««  wa  kt 

ai  uiad«CMM*edaU*M*ftM* 

/ *,**,><)»-  &( A,.  V IM  ^  i»> 

.  4 

44  a„ »..  a  am  Itttumi  apfMltaMkaa  *  U  telkaa  da  4»MiM«  da  MaataaitaM  da  ttatkW  A*1  * 

IjMawdaUUUaktaJabateu^rtdttMaafw  V^UMMMdelatktt^edttpiiMMdeMMt*  Mat 

ifUtt. 


%5  ^**ttan»1'  Httfij' 

*%ip4  *  ^M*I44  *  **S|4n  i 
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(37) 


3-1  Technique  de  description  des  particules : 

La  technique  de  resolution  est  basde  sur  la  methode  de  Monte-Carlo.  La  fonction  continue  f  est  approchee  par  une  distribution 
f  de  la  faqon  suivante : 

N» 

•f=£  N,«(X-)4)«(V-V()8(r-r,)8(T-T),)8(<l-»,) 
ft 

Chaque  particule  p  est  compose  de  Nf  goutteleues,  possedant  les  memes  positions  xp,  vitesse  ,  rayon  r.  temperature  Tj. 
et  soumise  4  une  fluctuation  de  vitesse  turbulente  Les  particules  echangent  de  la  masse,  de  la  quantite  de  mouvement  et  de  l'energie 
avec  le  gaz  dans  la  cellule  de  calcul  oU  elles  se  situent  ( Appendice  A  dans  [  59  J . 

L'echantiilonnage  A  l'injeaion  est  aleatoiro.  Supposons  que  la  distribution  f  cocresponde  4  la  variable  aleatoire  it  (xl;s  x  x  x*) 

La  fonction  de  distribution  est  definie  par  dN  =  f  (x)  dx.  Definissons  la  variable  aieatoite  y  =  J"  f  (x)  dx  (  dN  =  dy ) .  Ainsi,  le  nombre  de 
gouttelettes  est  uniformement  distribue  par  rapport  4  y . 


Dans  le  cas  oh  suit  une  distribution  gaussienne  G  ( ■' ) : 


il  faut  proceder  4  l'invetsion  de  la  fonction  erreur. 


2/'( 


2  f  G(m)d» 


(38) 


II  a  ete  mentionne  precedemmem  que  la  methode  d'integration  numerique  compoue  trois  phases  :  A,  B,  C.  Les  principales 
operatiomeffcctuees  au  cows  de  chacune  d'entre  d'elles  sontdecrites  dans  cequi  suit.  ‘  r 

3-2PtaeA 

Au  court  de  la  phase  A,  les  variables  dbpendantes  sent  mises  4  jour  en  calculant  ies  termes  autre  que  la  pression  et  la 
convection. 

Des  masses  partielles  et  totale  de  chaque  cellule  sont  introduites  au  cours  de  U  phase  A' 

(Ma,V=/vPn8V=(PI0)^Vlik  . 


M,;, 


JvPdV=p.kV,k=^(Mm)ijk  . 


(36) 


oil  pmcst  suppose  constante  dans  la  cellule  (i.j.k). 

Le  calcul  de  la  masse  volumique  de  l  espece  m  est  cffectue  en  deux  temps.  Dans  une  premiere  etape,  un  “prMtcteur“  p# 
est  evalue  par  un  schema  explicite  pour  les  faces  right  (r),  left  (1),  top  (t).  bottom  (b)  et  une  technique  implicite  pour  les  faces  Bunt  (f) 
et  derriere  (d).  Co  choix  est  d  cte  par  la  tris  petite  dimension  des  cellules  suivam  la  direction  urimulale  dans  une  chambre  cylindrique 

Un  schema  explicite  aurait  conduit  4  un  pas  de  temps  trts  faible.  Dans  une  premiere,  pK  est  donne  par  : 


I  (PD,: 

^  U  »  l).l> 


*  I 

«=»  M 


(40) 


Cette  equation  est  llnealre  suivam  p„  et  l  aspect  implicite  n  ett  present  que  dans  un  direction  Ceta  permit  d  utiliier  une 
technique  directe nou  iterative  pour  4va>uer  pB  ( 59 1 

Les  masses  partieiies  de  la  cellule  (i.j.k)  sow  ensuite  donates  pari 

<M«t)j|k”tPlai||,V*  ,  *  ...  (0\AV«. 

■’  At  "  "  (fVreV*  (41 1 

Leterme  p£  est  dtfini  dans  ( a  )  ou  et  <d  scat  tva'  its  avec  les  valeum  de  la  phase  A  (  append* tea  I)  et  3  de  (  50  )  >;  « 
terme  source  ’p*  est  donnt  par  ( a8 ), 


La  masse  totale  de  la  cellule  (sani  le  brouillarU).  a  pres  la  phase  A.  est  detente  pa r, 

« 

11  est  mitlntenaju  possible  de  dtftnlr  la  densilt  de  chaque  tsptee  et  ia  denaitt  qltthale. 


(4J) 


A 


v; 


Cei  densitH  ne  sont  pas  it rt clement  lag rtapiwati  car  «Uea  font  HitKtM  aua  valeura  des  volumes  p i  set  a  I'HtreuM 

precedents,  Lc  i  correct  ions  nCciusairts  toot  tffectut re  au  court  de  Update  D 


13-3 


L'dnergie  spidfique  interne  %  est  sussi  ivaluee  en  supposant  que  eette  grandeur  est  unifarme  dens  In  cellule: 

E»“  /vP  I  dV  =  V^=  .  ( 

Lt  valeur  prise  per  ^  su  cours  de  le  phase  A  es*  docnee  per : 


*  vi~  El®  ;  J*“  E  J*>X 

“  (45) 

♦  {(q.Viq.VCQtvIvJ,  . 

Les  termes  de  disiipetioa  visqueuse  CP  sont  eveluti  per  un  celcul  oU  cheque  jous-cycle  ejcute  le  contribution  pour  un  pes  de 
temps  At vi ^  At  /  N»» ,  oil  K»  es  le  mimbre  de  sous-cycles.  I.e  pss  de  temps  est  choisi  en  vue  de  vtrifier  un  entire  de  stebiliti  bes* 
sur  l'spproximation  eiplidie  des  termes  de  contreintes  visqueuses  dsns  1  liquation  de  quentiti  de  mouvement. 

Les  termes  de  flux  de  cbeleur  sont  igelemem  dicrits  d'une  menitre  explidte  suivent  les  faces  1.  r.  t,  b  et  implidtes  suivent  f  et 
d: 


-Ka(^T")0,X-(pD)a£h-(T*)  V  X 

"  \  P/J« 

( a  =  1.  r.  t.'b ) 


VI 

<(Vf)(,.A‘-({>D)‘y;h.(T^  v  Si  .A* 

■  [p/u 


( a  »  f.  d )  . 


Le  vdcur  du  pridicteur  pour  Tjj*  est  obtenue  en  resolvent  r  equation  eux  differences  implicite : 

„  *  a  c*7> 

*  E  K«<V1\X 

«*u 

UquMUtef  f)(3*  stt  tlmaCt  far  ( » )  swl  U  ( a  &  ( tent  evaluees  w  f&neltun  des  v*leer»  prises  deni  It  pbtse  A  Le  celcul  de 
<J„sm  disfil  dans  I  ippendtee  A  de  1 Sb  |  si  0V  eat  dtent  dens  lee  Ugnes  sntveates ,  Le  valeur  de  iq*.  dans  la  phase  A,  tt»  timpleaett 

dtsaneepar : 

La  valeur  de  Is  tentpesatwe .  dsns  ta  phases  A.  est  ultulcv  ett  isvuroua  *us  * 

A 

&**AZ~?*  <w> 

Le  ealewt  de  1  ea«y«  cmisique  ustbelcate  cm  d*«txupgie  c*  mu  tupn.  Dam  «t  preuutr  imps,  t  auu»  4if  testae  de  ta 
uuMlMte  cm  bvalet  par ; 

e  <•  £»>*«<  <»> 

“  *»tsss  *•  U 

lieseite.  lapsudactiae  dcactudrasetestasb  iiediaaet  I'aeinrtiseatecaideld  wbelcnce  aues  apprnrlei  per  ue  celcul  de  mum- 


5***  s*  AiJ  »  ]  ,,  S* 

U  *<»**-=(•  <<*>  M* 

«v 

vsl(t,xj 


Au  dihtit  du  aoua-cycle,  q^=  q^ .  U  tenne  source  (Oi)^  de  ( 45 )  est  ivalu*  par : 


.  a  -i  »  **i  v  ' 2  v  „  v 

(Qt)^=— A«  E  \DL  ft*)  "1°  :V*  la 

^  v-1 

Final  ement,  I’fcnergie  cinitique  turbulente  pour  la  phase  A  est  obtenue  par 


Mlql-  M*q'a 


=  (wsvv^  • 


=  SNrfH 

otl  qim=  qqk  ■ 

Les  valeurs  des  composantes  dts  vitesses  dans  la  phase  A  sou  donates  par: 

(Mft4  S$,)»£- &„]]£  £«a  A*-*^  ,  (54) 

v-1  a 

oh  la  sommation  sur  a  porte  sur  les  (aces  des  cellules  de  quantitt  de  mouvement;  A„est  lanormate  aces  faces  orientte  vers 
l  exttrieur  «hv  est  la  valeur  du  tenseur  des  ccntraintes  dans  la  cellule  oh  se  trouve  la  face  a  de  la  cellule  de  quantitt  de  mouvement. 

L  evaluation  du  tenseur  de  quantitt  de  mouvement  est  hast  sur  une  valeur  intermtdiairt  de  la  vitesac  «v  (  appendice  F  ( 59 )). 

La  valeur  intermediate  de  la  viiesse  est  donate  par: 

K  ■  (5J) 


A  [59]). 


Lesquantitts  intermtdialres  Sqk  ct  Kj|k  sont  assocites  au  couplage  implieite  du  gaz  et  de  la  viiesse  des  particulcs  ( Appendice 


La  position  des  (ouuelettes  dans  U  phase  A  est  dtfinie  par 


»*=  *J+  At  ej 


Dans  les  phases  B  et  C,  les  valeurs  de  a,,  tf.  etTdf  ne  soot  pas  modifiie*.  Ceci  enlraine : 


»*t  A.  «•!  A 

*r  ’»»•  rp  ara 
.  a*t  .A 

<•,)  - <»,)  :  T*« T* 


J’JfiJuusJL 


Dans  te  technique  du  souseycle  lagrtngicn,  il  est  suppose  uue  les  sommets  se  dtplacent  temporaitemem  » la  viiesse  locale  du 
fluids,  Ce  calcut  vise  le  irailemeiu  des  oodes  acoustiques.  e  .st  a  dire  Is  gradient  ds  pression  dans  liquation  ds  quantue  ds  mouvsmsnt. 
les  terms*  ds  dilatation  dans  ('equation  ds  eoounulti  et  de  I'tncrgie,  Les  forces  de  trainte  sur  Isa  gouueteue*  sont  tuaiemew  incloses 
darn  ceiie  phase 


de  trainte  sur  Isa  gouueleue*  sons  tgalemew  incloses 


U  pas  de  temps  du  sous  cycle  k  est  on  wus-multiple  entier  deAt.  M*  A»/N«*  L  indies  du  sous-cycle  est  designs  par  v  ( v  g 

(  I  .N’wsl  Dans  le  calcut  lagrangten.  une  technique  du  type  face  cemrtes  est  utilises  Nutht  que  d' tnuodusre  un  sysumes  au  centre  des  laces, 
un  tacuur  pnpoitionnel  a  Fairs  d»  la  face  de  la  cellule  urn  utilise  j  40 1. 

Four  cheque  face  a.  la  variable  utlliite  est : 

<  *  A)a*s  •*  A*  .  <S8) 

Au  debut  de  cheque  seussycle.  ( ta  A  eta  uutialiteu  par ; 

<•*>»-  '<***  *»’  •«***>>  •  ($9  ) 

ouu.  be.  d  designs—  les  quaere  Mamets  deli  face  ft,  Uest  tjalemem  aeceuaitede  (Wimr  la  masse  Mm  dela  tellule.  quiest 

tgale  a  Umoysn«td«tataMeed*  deux  cellule*  adjacsMee  De  la  attae  face*.  uaeqeaatiu!i^.q«i  prendea  compute  couplq|eeairc 
legate*  hi  patticato.«Mimrod«ue  pour  letemre  deface* 

Les  awes  dt  la  face  A*  soar  ataiMuauet  toMUatet  au  court  du  soua-cyde  M  nppoubtf  (galea  *  ta  saleur  au  dibui  d*  la  phase  U 
Le  talcui  a  mt  plus  matmm  tagruagua.  auii  a  te  reate  r »p radial  pnurUi  urates  dardrv  k 

Le*  quaswes  (  ■  A soar  ealeeWes  a  partlr  dec  pusateat  t*  eoamnium  de  aoeetmt  volumer  de  eomrtle  de  quacuu  de 
meevuaem  ceau**  war  la  f»w  a(  figure  li. 

Demgnoas  let  faces  duaouueuu  volume  de  control*  assno*  its  (ecu  <i  par  lusdteeq,  Uqaaatiudemouwmu*  ( taA),** 
cnlcuUenpmihde(60 

(^*s;)|i»AC,-<»AA-&IfS’,iq.A.  .  (60 

‘  ^  t 

qmcatiufoadtleqa-iuafeadamrarmrdeUdyuaaiiqim&maihl  L<SemUaormaUaUtmeqotseme«vsrsl'eMrrs«ur. 
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L*  valeur  de  p,  pour  une  flee  q  commune  t  deux  cellules  rtgulieres  est  It  moyenne  de  It  pression  entrt  deur  cellules  tdjacenles. 
Les  variations  de  volume  d'une  cellule  tu  cours  du  sous- cycle  sons  tvaluies  comme  suit : 

(v»l)  VM  -  v  .  .<"‘1 

Vgk  “Vqt  +*2<(»A)a  (62) 

a 

Ceci  ptrmet  de  ctlculer  it  pression,  I'fcnergie  interne  et  l'teergie  antique  tuibulente : 

P»  i>=  +  8P*  •  (63) 


(v.i)  (V)  2  (*> 

<!l|k  •  ( 65  ) 

V» 

Dans  ( 63  ),5p^a  ( p^-  p^/N^ ,  reprtsente  les  effetsde  variation  de  masse  et  d'tnergie  interne  survenustu  cours  de  It 
phase  A  nppoites  sur  cheque  sous-cyde.  U  phase  B  Ctant  lagrangienne,  les  masses  Jes  cellules  et  des  sommets  ne  changent  pas: 

Mjp,=  Mp  .  Mjj>  ,  (66) 

et.  par  consequent: 

<P«£=<m«VV®  ;  p*-  M^V®  .  (67) 

(.'initialisation  du  sous-cyde  est  rtaliste  en  posaru : 

_(°1  _a  .  i id  .A 
_(0>=_A  .  101  A  .  ,(0>=  « 

-Pqu-  rijk  =<V 

H  „| 

A  pres  le  calcul  du  sous-cyde.  les  vitesses  finales  des  gouttdettes  v,  -  »,  sotu  dvatudes  en  utilised  les  viiesses  dans  la  phase  A. 
Dans  ie  cas  oO  la  grille  est  fixe  ( pas  de  pard  mobile ).  1‘ increment  de  volume  &  Va  nCcessairu  au  calcul  des  flux  des  quantiles 
prises  au  centre  des  cellules  est  ttmpiemem  egal  a : 

»Va--fc£(«A),  .  (»> 

3-4  Phase  C : 

La  phase  C  correspond  au  remallli|e  f'rctone  phase"  dans  la  liutrature  anglo-saxonne)  au  court  duquel  le  transport  convectif 
astode  tux  diplactmenu  des  sommets  pendant  la  phase  o  est  calotte,  Ce  transport  correspond  au  mouvemeat  du  fluide  p*r  rapport  au 
maiilage. 

La  valour  (male  dt  la  deaslte  de  l  etpec*  m  em  donate  par : 

>  (70) 

a 

oo  la  ttnaffution  perte  sur  lea  facet  des  cellules  rtgulitrea.  La  masse  finale  tattle  de  la  ceUute  est  par  consequent  egale  a: 

*  * 

UAdli  qua  la  masse  haaie  des  sum  nets  eat  obwoue  par  (36)  U  eta  maiauMat  possible  devalues  It  deasite  de  l  etpece  a  et 
Utesuaglobate' 

*1  el  ...  «•!  **l 

< Pj*  5  <**•>*  '  'V  1  P*  *  M*  I  V£‘  (  7J  ) 

De  hi  «*»  fact*.  tea  vatan  (titles  de  I'wergie  iaune:  I’tacrgie  aptesCqae  ttfme  et  1‘tMtfi*  dattiqoe  turtuleate  soot 
doaa««  par 

.  {W) 

« 

iJ'-bJ'j  mJ‘  .  (>4) 


•**£  »<*!**  £<P<0**V«. 


»  «  t 

Us  gruadeon  ( P„  dims  ( TO )  et  ( pt  }„  sett  evaluate  avec  at  schema  *  partial  doiaor  ceU  *.  uudDqoe  { P  q  )*  at  etlcele* 
•wee  «•  schema  *  fall  dam*  ceil  ‘  ( Affeadke  II.  ( 4*  | ).  tiu  d  tsowrU  poeitivtw  <fcq 


1  fir'r  if  i  ‘nirrptr^wmtfn  rear  niiaiMd 


$tT).£  rS» 
»  \P 


C'  ( tqa  ) «  «a  tmfiumpjp  par 
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(  M„  /  M  .  Ceci  ptrmet  de  dtduire  1*  pression  i  paitir  de  l'tquation  d'ttat: 


m 


Lc  transport  de  la  quantitt  de  mouvement  est  cslcule  en  terme  d'incrtment  de  muse  *  travers  lee  faces  de  la  cellule  de  quantity  de 
mouvement,  Get  aceroissement  de  masse  i  travers  la  face  a  d'une  cellule  de  quantity  de  mouvement  est  donn*  par : 

$Ma=  —  ( p*8V#-  pfsv,)  .  (77) 

8 

oO  les  indices  "o"  et  "i”  dCsignenl  les  faces  des  cellules  rtguiitres  situees  de  cheque  cflte  de  la  face  a  de  la  cellule  de  quantitt  de 
mouvement.  La  face  indicte  T  (iaterae)  est  celle  qui  coupe  la  cellule  de  quantitt  de  mouvement ,  tandis  que  la  face  “o”  ne  la  coupe  pas. 

11  est  commode  d'assoder  8M„  avec  la  face  et  la  cellule  de  quantitt  de  mouvement  en  question.  Quand  la  face  a  est  vue  depuis  une  autre 

cellule  de  quantitt  de  mouvement  qui  lui  est  commune,  "o"  et  "i”  sent  permutts  et  le  signe  de  8M„  est  inverse. 

Le  flux  de  quantitt  de  mouvement  peut  mai  [tenant  ttre  calculi  par : 

M*  *£'-&*■*=  L5!vIa»a  •  (78) 


oil  les  vtleurs  de  sont  caleultes  t  partir  d  un  sehtma  du  type  “  partial  donor  cell ".  ( Appendice  H  -[  59 ) ). 

3-5  Description  des  conditions  aux  limites: 

Dans  la  version  initiate  de  K1VA,  la  cavitt  est  fermte.  Des  modifications  ont  ttt  appotttes  a  ptusieurs  sous-programmes  en 
vue  d’imposer  les  vitesses  et  les  flux  des  difftrentes  variables,  en  coordonntes  euttriennes  et  lagrangiennes. 

La  demarche  gtntralement  adoptte  pour  les  tcoulements  non  rtactifs  et  monophasique  consiste  a  imposer  n- 1  grandeurs  en 
entrte(  1  extrapolte )  et  une  en  sortie  ( n- 1  extrapoltes ). 

Plusieun  techniques  peuveiu  ttre  employees  pour  rextrapoltlion.  ini  mtthode  des  caracttristiques,  qui  est  la  plus  rigoureuse, 
est  considtrte  comme  It  plus  precise  (  70,7$  ].  Des  descriptions  plus  simples  sont  tgalemeni  utilities,  11  s'aglt  de  conditions  de  non 
rtflexion  ou  d'imptdaace  [  19,21 .72,76,77 ).  des  extrapolation  de  (pente  nulle)  ou  d'ordre  un  |  78-81 J.  Enfin.  il  est  parfols  envisage, 
pour  un  tcoulcment  subsonique,  d  imposer  toutes  les  grandeun  en  entrtes  en  enute  et  de  toutes  les  cxtrapoler  en  sortie  |  78.82  J.  Cette 
demarche,  bleu  que  mathimatlqucment  inexacte,  permet  parfois  de  supprimer  des  oscillations  parasiies. 

Dans  It  cas  d’ tcoulements  tridimtnsionacls  biphasiques  et  rtactifs,  I'utilisation  de  la  technique  des  caracttristiques  n'est  plus 
envisagte  en  raison  de  sa  comptexili.  L'extrapolallon  est  elfeetute  per  une  technique  de  pente  nulle  qui  donne  de  tons  rtsuitals  ( ccue 
remarque  est  a  rapprochte  des  conclusions  de  Chu  et  Sereny  [  S3 )). 

Dans  le  plan  d'emrte,  la  vitesaa,  la  densltt  de  chaque  cspect,  la  direction  de  r tcoulcment.  1'tncryie  dnttique  turbuleme  sont 
smpostei  La  muse  volumlque  eta  calculte  comme  la  somme  des  densitts.  La  pcesslon  est  extrapolte.  La  temptrature  est  evaiute  a 
pamr  de  l'tquation  d'ttit,  enfia,  1'taergi*  sptcifiquc  interne  est  calculte. 

Dus  le  plu  de  sortie,  la  petition  est  import*.  La  densit*  de  cheque  esptce  est  extrapolte.  La  masse  volumlque  est  ensuite 
calculte  cemmt  pour  It  plan  d  entrte  La  temptrature  t*  ensuite  tvalutc  a  t'aide  de  1‘tquation  d'ttat  Les  compoaantes  de  la  vitesse.  de 
t'taergle  dnttique  turbulent  t « Itaergie  iptdflque  Inter**  none  tstrapoltcs.  Enfia.  let  pankule*  qui  audgnent  1*  plan  d*  sortie  ne  toot 
plus  prises  en  compt*  ( biw  qaeflti  soieat  npraartrtt  nr  tea  tract*). 

4-imti.Tflni 


Liutaliitioa  consider**  «x  dec  rite  tu  paragraphe  4-1.  Lea  conditions  de  lonctioenement  tom  dterttea  au  paragraph*  4-2. 
Hnfin,  Its  rttuUauobuattt  to*  prtataitt  dans  U  paragraph*  44, 

4-1  imulUtia* 


l  inaullatien  tu  comport*  tfunt  taut*  dale  et  d'ttat  c  ham  bra  cviiadhqutt  presents  at  u m  tymetiie  dt  rtvolatlon.  t.eruree 
d  alr  a  ua  diametr*  dt  I  Jemttva*  longueur  rtduiiea  10  tm  La  chmabra  pr*seatt  un  diamrtra  de  JO  tm  et  ant  torqtuew  de  40  cm  Bn 
aval  de  I'eairte  d  alr,  It  dtcrothemtat  est  braique  L  lnjtaien  mat  affect**  ta  aval  da  t'eaute  d'air  it  I*  long  dt  la  parol  vertical  t  de  la 
march*  ( ftgara 4)  U  chois  de « demtw politest  rat***  a*  u*  dunam u* bo*  foKtlonatmut da rtaettar homage** alia* en 
**  par  tonttqaeat,  une  coaahuuon  tans  mafOq*  da  flamma  ( 10,11  J.  U  maUlagt  art  rtgalier  et  comport  de 

M  CndiiitM  dr  ffliminiaf  mrrt  aflat 


Dau  I'eatrt*  d'air,  lei  traditions  ilmattei  mm  let  aulvanwi.  U  prawion  «i  ta  lamptmw*  Matfqaei  dt  l'nlr  sont 
r<spectivememt|il*s  1 6.96  bars  et  SISK.  La  denstte  de  fair.  conndtr*  let  coauae  comport  doaygtae  tt  daiwe,  en  d*4,h  Kg.-*! 
U  vfetw  d*  lJr*rtd*40m  ft**,  Ceci  correspond  2  tut  dibit  d'air  d*  2.U  Kgfi«c,  U  combattMt  uqectt  art  d*  I  tw  octue 
(Ql H||) doat  W mm  4*  «tia*gt  t*  de  OdMS  <  proch*  da  Xtrertw ;  0.0661  >.  Sa  temptratara  dinjtciie*  ttt  dt  29}  K.  U 
•iehtHt  tu  tgiie  d  l  ualt*.  La  mm  dt  toabtutM*  inject*  t*  dt  9,4i  g  ( pendant  SO  mV U»  gautea  praatattat  «n  diaautra 
M^ndtSa«wrdt24|taL  Ellts  was  inject**  arac  une  uti*M*id*$Om.'t*c  UajtuctalqwieMpiaiutiprrtarttaitMdMi-a^lt 

.  ftr*al  wtrt  dau  Itatrt*  d'air  m  cutpartt  paid*  mi*  *  rti**»  ttimauM  >twitf  >.  U  rtvena  dt  sutbalantt  eat  d*  HI. 


LttlnttU*  d  adarttgt  tm  rap  trtmlt  para*  pom  cbatdqrt  aectpt  qaaara  trthdti  am  and  dtla  mart**,  la  date*  d*l  awort 
* *•“»*  *«  dt  I  *».  Dsww  ******  chlaiqutt  mm  ronnrtreea  <  Cd  M|g.  Oj,  Ng.  CO*.  H,  My.  O.  N,  OH,  CO.  NO )  Qartra 
reaninsaairt  lattmaw  pa*r tn rtMuga* «**>*(«*:  .  ■ 
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2ClH„+250j-»  16C02+18Hj0 
Oj  +  2N2j;  2N  +  2NO 
20j  +  Nj^2O+2N0 
Nj+2  0H^  2H  +  2NO 

Les  reactions  suivinres  scat  const  ditto  conune  tunt  i  l'Cquilibre  pow  one  temperature  suptrieure  1 1300  K  { 60,  84  ]: 

Hj^.2H 
Ojjs.  20 
Nj?i2N 
Oj  +  Hj^OH 
02+2Hj0^s40H 
Oj  +  2  CO  s=s  2  COj 

L'tvtpoouion  et  It  collision  des  particules  sont  prists  en  cotnpte. 

4-3  Description  des  rCsultats 

Les  rtsultats  sont  prtsentts  suivant  l'ordre  chronologique. 

Aprts  250  cycles,  4 1=  2,08724  ms,  le  brouillard  s'itend  sur  quelques  centimttres  dans  1‘entrie  d'air  et  la  chambre  (  Figure 
3a  ).  L'tcoulement  est  mis  en  vitesse  dans  l'entrte  d'air  (  Figure  3b )  et  uae  onde  aeoustique  bidimensionnelle  est  mise  en  evidence 
pets  du  plan  de  sortie  de  la  chambre  ( Figure  3c ).  Enfln,  une  perturbation  d'inergie  cinetique  turbulente  est  observte  au  sommet  de  la 
marche(  Figure  Sd ). 

Au  cycle  500,  a  t=  4,38724  ms  ( tliumage  termini  a  4  ms ),  les  ptrticules  injecties  au  bas  de  la  marche  sont  transporttes  par  la 
turbulence,  tandis  que  celles  tmises  dans  l'entrte  d’air  ont  dtpasst  le  sommet  de  la  marche  { Figure  6a ).  Le  champ  de  vitesse  montre 
d'une  part  des  perturbations  assocites  a  1'injection  en  aval  de  la  marche  et  d'autre  part  la  presence  d'unc  onde  rtOtchie  plus  en  aval 
dans  la  chambre  (  Figure  6b ).  La  presence  du  point  chaud  en  bas  de  la  marche.  associt  a  l'atlumage,  est  constatte  sur  la  Figure  6c. 
L'tnergle  rinttique  turbulente,  presentee  sur  la  Figure  6d,  met  en  evidence  deux  zones  de  fortes  amplitudes ;  le  sommet  et  le  bas  de  la 
marche.  Enfln  la  concentration  d'iso-octane  montre  l’cxistence  d'un  jet  cyllndrique  en  sortie  de  1'entrte  d'air  qui  s'incurve  vers  le  bas 
de  la  marche  ainsi  qu'un  jet  plus  diffus  en  aval  de  celle-d  ( Figure  6e ). 

Le  cycle  750,  a  t°  7,08724  ms,  montre  que  le  jet  de  particules  tmis  depuis  1‘entrt  d'air  s'incurve  fortement  dans  la 
recirculation  tandis  que  celui  qui  est  injeett  depuis  la  marche  diffuse  fortement  ( Figure  7a  Hexamcn  du  champ  de  vitesse.  present*  sur 
la  Figure  7b,  montre  la  presence  d'une  structure  tourblUonnalr*  organise*.  La  position  de  sa  frontier*  correspond  bien  a  cell*  du  jet  de 
particules  entrainees  dans  1*  recirculation,  Le  champ  de  pression  montre  que  les  ondes  acoustiques  refiechles  sur  le  fond  arriere  de  la 
chambre  sont  remonttes  vers  1'  entree  d'air  ( Figure  7c ),  La  zone  chaude  shut*  le  long  de  la  marche  occupe  un  volume  plus  important 
tandis  que  le  jet  de  particules,  plus  froid.  enveloppe  le  point  chaud  (  Figure  7d  ).  Lenergie  cinetique  turbulente  present*  une  zone 
d‘ amplitude  tlevt*  d  une  superftde  accrue  par  rapport  au  cycles  precedents  ( Figure  7c  ).Enfin,  kconcentration  d'iso-octane,  decrite  sur 
la  Figure  77,  montre  que  te  combustible  est  cnuraine  per  ie  toutbllloa. 

Au  cycle  1000.  a  t«  9.38706  ms.  les  particules  issues  de  i  entrte  d'air  sont  entrainees  per  le  towbUlon  precedcmmenl.  Les 
particules  injeettts  ferment  d'abord  un  jet  cyllndrique  de  quelquea  centimetres  qui  diffuse  ensuite  fortement  ( Figure  8* ).  Le  champ  de 
vitesse  montre  i'cxistence  d'une  structure  toutbiUonntire  convert *e  et  d'un  petit  tourblilon  contra-routlf  dans  le  coin  inferieur  de  la 
marche,  De  plus,  une  micra-explotioo  ( "pep  com  effect"  { 60  J )  est  observe*  pres  du  sommet  de  la  marche  ( Figure  8b ).  sur  la  Figure 
8c.  des  mooes  aeouitiques  transversaux  sont  mis  en  evidence  dans  I'entree  d'air  et  dans  la  chambre  (  en  partlculicr  1*  long  de  la 
marche).  l.'extmen  du  champ  de  temperature  montre  qua  te  point  chaud  en  aval  de  ia  marche  continue  de  e'Ctendre,  tandis  que  les  jets 
de  particules.  plus  froid.  entourent  cette  xone  t  Figure  Sd ).  Ltnergie  cinetique  turbulente  met  en  tvidcnce.  d'une  part  une  un*  zone  de 
forte  amplitude  dans  le  tillage  de  la  marche  et  diutre  part  uae  "zone  potemletie"  associte  au  jet  (  Figure  8e ).  La  concentration  d'iso- 

octane  ( Figure  8t ),  met  en  evidence  d  un*  part  une  tone  prticataat  dee  valeun  ttevees  ie  long  de  la  marche  et  d'autre  part  une  zone  en 
forme  de  champignon  pow  le  combuaibtc  iaau  de  I'entrCe  d'air.  L'oxygtne.  dost  la  concentration  cm  present**  tur  la  Figure  8g. 
i  cagouffre  a  la  frontier*  du  towbiUon 

Au  cycle  1200.  a  t-  11 .3735  mi,  let  particular  istuet  de  I'entree  d'air  sont  entrainees  plus  en  aval  par  la  structure 
towbilloanaite  nlort  que  le  jet  injeete  tur  )a  parot  de  la  march*  attend  sur  quelquea  centimetres  ( Figure  9a ),  Le  champ  de  vitesse, 
present*  sur  la  Figure  9b.  montre  un*  structure  ires  differ ente  d*  Miles  rencontre**  pteettkmment,  L*  tillage  de  la  marche  comporte 
une  zone  o*  let  eeetews  vitesse  prCsenteM  un*  forme  en  V.  L*  phenomena  du  ~  pop  corn"  nest  pas  observe.  Dans  le  raitant  de  la 
eavite.  tea  ttrueturei  ne  sent  plus  obiervCct.  Des  penutbationa  de  pression  de  forte  amplitude  sent  obiervCei  au  m*m«  endroit 
t  Figure  9e  %  L*  champ  da  temperature  preseme  un  point  chaud  qui  I'ttbe  de  plus  en  plus  an  aval.  II  est  tracer*  par  dee  toner  plus 
froidat  auocites  au  brouillard  (  Figure  9d  3  La  configuration  du  champ  d  tnngie  cinetique  turbulent*  est  voitin*  da  celie  observe*  au 
cycle  1000.  teutefoit,  la  ton*  petentiell*  t'Ctcad  plus  vers  (  aval  ( Figure  9*  }  L'examen  dee  champa  da  concentrations  d'iso-octane 
( Figure  9f )  et  dOxvgto*  f  Figure  9g )  «st  tret  tmCmsante,  La  structure  ea  chin  pig  non  observe*  prtetdemment  attend  plus  an  aval 
tandis  qu*  ia  tow  4*  fortat  coneemratloM  au  encore  pretame  le  tong  de  la  march*,  mail  ausii  antra  le  "pied"  at  I*  "chapeau"  du 
champigaw.  c*  qui  momre  I'eifat  daagouftremam.  Urn  asaaaa  par  tuperpoeition  du  courbu  4*  caactttmUoa  et  4*  umptrmur* 
montre  qua  lei  interfaces  tatreepondtat  bun. 


t  incurve  dans  la 
comm*  tur  In 


Au  eyrie  1400, 1 1*  (2.3484  mi,  las  particules  issues  4a  I'tmrt*  d'air  form  tat  ua  Jet  eyUadriqut  coatiau  qui  s 
radtculmion  ven  I'etttmitt  4*  U  chambre  La  jet  inject*  te  ioag  4a  la  march*  retu  cylladriqu*  Nrquetques  ceatimtwi 
pianchat  pe*«t4ta(ei  ( Figure  10* )  L'axamau  4u  champ  4t  vittst*  momre  qu'aa*  wetter*  tawbUlonwire  eat  4  nouveau  ptbseat*  a* 
aval  4*  la  march*.  U  phnomeaa  du  "pop  can"  ia  encore  ohmtve  ( Figure  (Ob ).  Uae  fort*  pattmbmioa  4*  preset na  est  observe* 
dam  ia  panie  arritre  4a  la  chambre  ainsi  qu*  das  modes  traasvtriaut  ( figura  tOc  )  L*  champ  4*  tempermw*  momre  qu*  la  ton* 
chaud*  eta  plus  *******  vers  i'aeai  et  qu*  4*s  tows  piui  froidat,  muocites  out  parti culas,  sent  absentees  sur  chacua  4*  an  edits 
<  Figure  (Oil )  L  anargia  cinetique  twtuieau  prHem*  uw  ww  4a  vaieuts  eieuees  encore  ptua  ttendut  vara  I' aval  at  uw  ton* 
potential!*  pour  (*  jet  ( Figure  10*  He*  champ*  4*  coacemniiaw  pow  llto-octaw  ( Figure  (Of )  et  i'ouygt**  (  Figure  iOg  > 
comsrmem  let neuiuas  dead*  au  cede  1200. 1'esamrn  pat supwpMhlni  4a«  cewhes  da  ramawt  mem  Itagouttreaum  dotygiw 
taus  I*  chapeau  *t  ctampigaam  laams  qua  I'iwmaaw  at  (’mtyi*44  *wsu»t««  t  am  tual  4t  ia  march*. . 
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Au  cycle  1500,  A  t=  14,0536  ms.  le  brouillard  issu  de  1'entrtt  d'air  t  une  configuration  compsrable  A  celie  des  cycles 
precedents.  L'extrAmitA  du  tourbillon  est  pits  du  plan  de  sortie.  Le  brouillard  inject*  le  long  de  1*  rnurche  pAnetre  sur  quelques 
centimetres  ( Figure  1 1*  ).  L'examen  du  champ  de  vltesse  montre  qu'une  structure  est  A  nouvesm  prAsente  en  »v*l  de  1*  marche.  L» 
couche  cisailtAe  prAsente  un  profll  sinueux.  L'effet "  pop  com"  est  observe  ea  plusieurs  eadroits  {  Figure  1  lb  ).  Des  ondes  tcousdques 
traasvemles  sent  mises  en  evidence  dsns  le  jet  et  vers  le  plan  de  sortie  (  Figure  11c).  Le  chr.tnp  de  temperature  prtsente  une  zone 
ebaude  qui  s’etend  jusqu'A  quelques  centimetres  du  plan  de  sortie  (  Figure  lid  ).  L'Aner;  o  ciaAtique  turbuleate  prAsente  une 
configuration  comparable  A  celles  prAcAdemment  trouvAes  (  Figure  lie  ).  L'examen  par  superposition  des  courbes  de  concentration 
d'iso-octane  ( Figure  1  If )  et  d'oxygAne  ( Figure  1  lg )  confirme  les  remarques  effectuAes  pour  les  cycles  precedents. 

Au  cycle  1750,  at=  15,3036  ms,  le  jet  departicules  issu  de  1'entrAe  d'air  atteiat  le  plan  de  sortie  de  la  chambre  (les  particules 
trace es  sur  celui-ci  ne  sont  plus  prises  en  compte  dans  le  calcul).  Le  jet  inject*  dans  la  recirrclation  mesure  toujours  la  mAme  longueur 
(  Figure  12a ).  L'examen  du  champ  des  vitesses  montre  qu'une  structure  tourbillonnaire  est  i  nouveau  en  formation  pr*s  du  sommet  de 
la  marohe  ( Figure  12b  ).  Des  ondes  de  pcession  acoustique  remontent  dans  1'entrAe  d'air  (  figure  12c ).  La  zone  de  temperature  AlevAe 
s’etend  maintenant  jusqu'au  plan  de  sottie,  Elle  est  toujours  encadrAe  par  des  zones  froidcs  assodAes  uux  particules  ( figure  12d  ).  Le 
trace  de  l'Anergie  dnAtique  turbuleate  montre  i existence  d'une  couche  dsaillAe  et  du  c6ne  potentiel  du  jet  issu  de  1'entrAe  d'air  ( Figure 
12e  ).  L’examen  des  courbes  de  concentration  d'iso-octane  ( figure  12f )  et  d'oxygAne  (  Figure  12g  1  montre,  li  encore,  des  rAsultats 
intAressants.  Le  "chapeau"  du  champignon  est  sAparA  du  “pied”  de  ce  dernier.  Une  none  comportant  de  l'iso-octane  melange  a  de 
1'oxygAne  est  observAe  au  fond  avant.  Le  jet  d'iso-octane  Amis  depuis  1'entrAe  d'air  s'e-.vnd  jusqu'au  plan  de  sortie  et  rejoint  l’axe  de  la 
chambre.  Enfin,  une  poche  de  combustible,  sAparAe  par  1'oxygAne,  du  jet  Amis  depuis  l'entrie  d'air,  subsiste  prAs  de  la  "paroi” 
infAtieure  de  la  marche. 

Au  cycle  2000,  A  t=16,5471  ms,  la  configuration  du  brouillard  est  identique  A  celie  trouvAe  au  cycle  1750  (  Figure  13a ). 
L'examen  du  champ  de  Vitesse  est  rendu  difficile  par  les  valeurs  AlevAes  rencontrAes  vers  le  plan  de  sortie  (  Figure  13b  ).  Dans 
l'ensemblc  descas,  les  jet  axial  est  irrotationnel  tandis  que  l'Acoulement  dans  la  recirculation  montre  une  structure  tourbillonnaire.  Une 
perturbation  de  ptession  transversale  AlevAe  est  observAe  prAs  du  plan  de  sortie  (  Figure  13c  ).  Le  camp  de  temperature  a  une 
configuration  identique  A  cello  prAcAdemment  observAe  ( figure  13d ).  La  presence  de  fortes  perturbations  d'Anergie  cinAtique  turbulente 
prAs  du  plan  de  sortie  ne  permet  pas  d'interprAter  les  rAsultats  obtenus  pour  cette  variable  ( figure  13e  ).  Enfin,  les  configurations 
trouvAes  pour  l'iso-octane  (  Figure  13f  )  et  1'oxygAne  ( figure  13g  )  sont  comparables  A  celles  du  cycle  1750.  Les  positions  des  zones 
isolAes  sont  pratiquement  comparables  A  celles  du  cycle  1750.  Les  positions  des  zones ;  solAes  sont  pratiquement  identiques.  ilot  de 
combustible  a  cependant  une  surface  plus  faible. 

5-  DISCUSSION  BBS,  RESULT  ATS 

La  mise  en  vitesse  de  l'Acoulement  ainsi  que  l'allumage  engendrent  des  ondes  acoustiques  non  linAaires  dont  la  configuration 
est  complexe.  La  diffraction  d'une  onde  acoustique  au  sommet  de  la  marche  produit  une  structure  tourbillonnaire  [  14 , 85  ,87  ]. 

Le  brouillard  inject*  sur  le  cbtA  de  la  marche  est  prAmAlnngA  avec  1'oxygAne.  II  permet  une  stabilisation  de  la  flamme  ( rAacteur 
homogAne ).  Ced  expllque  que  le  jet  disparaisse  aprAs  quelques  centimetres.  Les  particules  issues  de  1'entrAe  d'air  brOlent  au  comae: 
d'un  Ilot  d’oxygAne.  II  s’agit  d'une  flamme  de  diffusion  analogue  A  celie  dAcrite  analytiquement  par  Karagozian  et  Manda  [  88  )  et 
numArlquement  par  Laverdant  et  Candel  [  89-91  ].  Des  configurations  analogues  A  celles-  d  one  At*  observAos  A  maintes  reprises  ( par 
exemple  [  5,12,14-17,21,37,41,46  ]). expansion  des  produits  Je  combustion  dilate  la  poche  d’oxygAne,  situAe  entre  le  pied  et  le 
chapeau  du  champignon,  et  engendre  une  poche  d'iso-octani  centre  la  parol. 

La  zone  potentieile  du  jet,  mise  en  evidence  pour  l'Anergie  dnAtique  tutbulente,  a  une  longueur  conforme  A  celie  dtAe  dans  la 
littArature  ( 4  A  5  rayons  de  1'entrAe  d'air  (  92  ]). 

SchAmatiquement,  l'Acoulement  peut  Aire  dAcomposA  en  deu-  zones,  11  s'agit  d'une  part  du  jet  issu  de  1'entrAe  d'air,  out  est 
irrotationnel  ( zone  potentieile),  et  d'autre  part,  de  la  recirculation  tourbillonnaire.  L'interface  est  constituAeparune  couche  de  mAlange 
qui  prAsente  des  InsWbiUtAs  hydrodynamiques. 

Le  phAnomAne  du  “  pop  com"  est  consider*  paries  concepteurs  de  K1VA  comme  Atant  d'origine  numArique  [  60  ].  Parmi  les 
moyens  d'Alimlnatlon  de  ce  phAnomAne,  le  rafflnement  de  malUage  est  le  plus  fadlement  applicable.  Les  techniques  qui  consistent  A 
Apaisslr  artlflcltUement  la  zone  de  flamme  par  un  acoroissement  nos  cceffldents  de  diffusion  et  une  diminution  des  taux  de  production 
chlmiques  [  93  ]  ainsi  que  le  remaitlage  qui  suit  la  zone  de  flamme  sont  respectivoment  mal  adaptA  A  l'Acoulement  ( mais  trts  efficace  en 
lamlnalre )  et  difficile  A  mettrt  en  ceuvro. 

6CQNGLUS1QM 

L adaptation  du  programme  K1VA,  imtialcmmt  oonqu  pour  les  moteurs  A  combustion  interne,  a  permis  de  slander  le  debut  du 
fonctionncment  d'un  foyer  de  statorAr  icur  a  Alarglssement  t  , -usque. 

Lei  mod"(cation$  pour  italter  les  flux  entrant  et  sonant,  Initialtment  absents  du  programme,  donnent  des  rAsultats 
physiquement  rAaltstu.  L'utilisatioa  d'une  technique  de  pbnte  nutle,  UAe  aux  difficult*!  que  pcAsenteralt  la  mit  an  ceuvre  de  la  mAthode 
du  canetAristlqu'rt  pour  ua  Acoulement  tri  dim  etui  cnnel,  blphasiqu*  et  rtactlf ,  donno  de  bons  rAsultats. 

L'lnievioa  du  brouillard  en  aval  de  la  march*  conduit  A  une  combustion  prAmAlangA*  dans  la  recirculation.  Ce  fonctionncment, 
du  typo  react  nr  homogAae,  permit  uut  combustion  tans  soufflag*  d*  flamme.  L*  combustible  Inject*  dans  l'entr**  d'air  tnveloppe  le 
point  chaud  el',  it  tn  avslde  la  oarcht  at  bull*  avec  une  flamme  de  diffusion.  La  structure  est  du  type  champignon,  souvtnt  dtAe  dans  la 
littAMure 

f  h  InaabiUtAi  d'origine  numAriquti,  tides  A  la  faible  definition  du  mtillag*  dans  la  zona  d*  flamme,  cot  At*  rencontrAes 
prAcAdemment  par  lu  concept**!  de  K1 VA.  Un  -a/finement  du  maillag e  devrait  permettr*  de  supprimer  eu  pbAnomAnes  perultu. 

Let  cared  tri  Kiquet  hydrodynamiques  de  l'Acoulement  sont  Agalemtnt  rAalistu.  Le  jet  lew  de  1'entrAe  d'air  est  irrotationnel 
undii que  li  redrculetloe  r  imports  du  nructuru  tourbiilonnalra,  L'interface  prAaenu  du  lutabUhAt  hydrodynamiquu. 

Us  travaux  ulttrieve  vont  porter  sur  rinflutnc*  de  It  dAfinltlon  du  m tillage.  L'inftuence  du  peris  doit  *g element  Atre  prim  en 
canstdAretlon.  Lu  modiie*  de  combustion  turtultete  do!  vent  Atre  test  As.  U  pretence  de  Kructurtt  tourblilocnalrei  et  ta  combustion 
dans  du  tourblllou  condui'.  A  taviiagsr  un  modAle  de  turbulence  du  type  “Sub  Orid  Scale*  ( S.O.S)  M  it  moduli  de  (lamm*  cobAttnt* 
dAvelopp*  par  Martin  *t  6-ondweil  ( 19,94-96). 
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DISCUSSION 


W.  H,  Jou,  US 

In  your  turbulence  model  for  kurb.ulent  kinetic  energy  K, 
what  length  scale  have  you  chosen?- 

Author's  Reply: 

Dana  le  modele  de  turbulence  utilise/  (Sub  Grid  Scale), 
l' Evaluation  de  la  viscosit^  cinEmatique  est  basde  sur  la 
connaissance  de  1'energie  cinEtique  turbulente,  qui  est  evalude 
par  une  equation  de  lilan,  la  determination  de  la  densite7  globale 
et  une  echelee  de  longueur  qui  est  egale  >  deux  fois  la  taille  de 
la  maille. 

K.  Kailasanath,  US 

I  have  two  comments: 

1)  What  were  your  outflow  boundary  conditions?  We  find  using 
constant  pressure  conditions  can  give  erroneous  results  and  it 
may  be  more  appropriate  to  use  a  choked  outflow  conditions. 

2)  Have  you  studied  the  effects  of  varying  the  grid  resolution? 

We  find  (Journal  of  Propulsion  &  Power,  Nov-Dee  '87)  that  a  coarse 
grid  can  give  a  result  which  is  even  Qualitatively  different 
from  that  from  a  finer  grid. 

Author's  Reply: 

Nous  avou8  choisi  une  condition  de  sortie  subsonique  of  in  de  simplifier 
le  traitement  dans  cette  partie  de  l'eculement.  Cette  demarche 
n' inclue  pas  le  traitement  de  I'avorjage  de  la  truj&re.  II  est 
envisage7  d'incluse  cette  forme  de  condition  dans  l'areuir, 

Lea  vesultats  p resent es  avec  un  maillage  vegulier  (1  cm  x  1  cm) 
represente  des  aspects  qualitatifs.  I.e  choix  de  ce  maillage  a  ete/ 
dict£  par  la  recherche  d'une  wise  an  point  rapide  dans  un  de'lai  limite/» 
Une  d'tude  est  actuellement  en  cours  pour  determiner  1' influence  de 
la  taille  des  cellules,  Ce  choix  dovroit  conduire  un  mailleur 
controle  lo  I'effet  "pop  com," 
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SUMMARY 

Very-low-frequency  ("bulk-mode")  oscillations  have  been  studied,  making  use  of 
experimental  data  gathered  at  the  Air  Force  Wright  Aeronautical  Laboratories.  This 
study  has  considered  only  those  oscillations  in  which  the  acoustic  resonance 
characteristics  of  the  combustor  were  not  excited.  More  than  200  cases  of  such 
oscillations  in  coaxial-dump  combustors  have  been  examined.  Correlations  of 
oscillation  incidence,  frequency  and  amplitude  have  been  made  in  terms  of  design  and 
operating  parameters,  including  inlet  diameter  and  length,  combustor  diameter  and 
length-to-diameter  ratio,  air  inlet  temperature  and  fuel-air  ratio.  An  analytical 
model  has  been  developed  with  which  the  effects  of  various  oscillation  driving 
mechanisms  have  been  examined  and  compared  with  the  experimental  data.  Mechanisms 
considered  wares  combustion  rate  fluctuations  resulting  from  fluctuating  flow  rates  of 
fuel  and  air,  combustion  energy  release  rate  variations  due  to  pressure  and  temperature 
fluctuations  in  the  flame  zone,  distortion  of  the  flame  zone  by  vortices  shed  at  the 
dump  plane,  generation  of  an  oscillating  pressure  field  by  vortex  shedding  at  the  dump 
plane  interacting  with  the  exhaust  nozzle  contraction,  and  entropy  (convective)  waves, 
resulting  from  fuel/air  ratio  oscillations,  that  reflect  from  the  nozzle  as  pressure 
waves,  calculations  using  the  analytical  model  showed  agreement  with  experimental 
results  for  nearly  70%  of  the  tests  examined.  The  vortex  and  entropy  wave  mechanisms 
did  not  substantially  improve  the  model's  predictive  ability. 


INTRODUCTION 

Oscillatory  operation  has  been  encountered  in  many  liquid-fueled  ramjet  engines 
(Ref.l).  Although  oscillation  frequencies  have  been  observed  over  a  very  wide  range, 
they  tend  to  fall  into  three  broad  ranges,  which  can  be  correlated  with  the  acoustic 
properties  of  the  combustion  chamber.  "High-frequency"  oscillations  generally  are 
characterized  by  frequencies  greater  than  about  1500  hertz t  the  wave  patterns  in  the 
combustor  are  similar  to  the  transverse  acoustic  modes,  “Low-frequency"  oscillations 
typically  fall  in  the  500  to  1500  Hz  range  and  have  wave  patterns  in  the  combustor 
resembling  longitudinal  acoustic  modes.  "Very-low-frequency"  oscillations  usually  have 
frequencies  below  the  first  longitudinal  acoustic  mode  of  the  combustion  chamber. 

This  investigation  has  been  concerned  with  the  very-low-frequency  type  of 
oscillation,  which  can  be  very  detrimental  to  the  operation  of  a  ramjet  engine,  even  if 
the  amplitude  of  oscillation  is  fairly  small,  because  the  pressure  excursions, 
propagating  upstream  into  the  diffusor,  may  cause  the  inlet  shock  to  be  disgorged, 
drastically  reducing  the  engine  thrust  and  efficiency.  In  some  cases  the  frequency  of 
very-low-frequency,  or  "bulk  mode",  oscillations  is  close  to  that  of  the  first 
longitudinal  mode  of  the  combustor.  However,  because  the  combustion  zone  is  typically 
spread  over  a  considerable  fraction  of  the  combustor  length,  the  energy  releete  is  not 
in  the  moat  effective  plaoe  to  excite  the  first  longitudinal  mode. 

One  objective  of  thin  work  has  bean  to  develop  an  engineering  design  tool  in  the 
form  of  a  microcomputer-based  stability  model  that  is  simple  to  use  and  eaay  to 
interpret.  The  approach  used  involves  a  combustion-time-lag  model  that  was 
successfully  used  for  very-low-frequency  oscillations  in  liquid  propsllant  rocket 
engines.  8uch  sn  approach  was  suggested  by  Rogere  (Ref.  2),  although  he  did  not  work 
out  a  detailed  model.  The  primary  experimental  data  which  provided  the  foundation  for 
this  study  ware  generated  by  a  parametric  testing  program  conducted  at  the  Air  Force 
Wright  Aeronautical  Laboratories  by  personnel  of  the  Rem jet  Technology  Branch.  This 
program  has  provided  the  most  complete  and  best -documented  ramjet  combustion 
oscillation  data  available  to  date. 

The  first  pert  of  this  paper  will  describe  the  teat  program  and  aome  empirical 
correlations  of  the  test  results.  The  analytical  model  will  then  be  presented. 

Finally,  the  experimental  and  theoretical  reeulta  will  ba  compared. 

BXFIRIMINTAL  PROGRAM  AND  BMPXRXCAb  CORRELATIONS 

The  AFNAL  teat  program  consisted  of  a  series  of  parameter  survey*,  in  whieh  each  of 
the  geometrical  and  operating  parameters  wee  varied  while  the  reat  were  held  constant. 
The  apparatus  used  for  theee  parametric  surveys  is  shown  in  Figure  1.  Xt  has  been 
described  in  detail  by  Davis  (Ref.  3).  The  experiments  survtytd  combustor  diameters 
from  IS  to  30  on  U  to  12  inch**),  chamber  length-to-diameter  ratios  of  1.5  and  3.0, 
air  inlet  diameter*  from  one-half  to  two-thirds  of  the  combustor  diameter,  air  inlet 
temperatures  frost  417  to  694  K  (750  to  1250  R),  nozzle-to-combustor  ares  ratios  from 
0.4  to  0,5.  On  some  testa,  radial  fltmeholders  with  251  or  351  ares  blockage  were 
installed  In  the  inlet  at  the  duap  plena.  JF-4  fuel  wee  injected  into  the  air  stream 
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either  through  orifices  in  the  inlet  wall  near  the  dump  plane  ("wall  injection")  or 
centrally  in  the  air  stream  well  upstream  of  the  dump  plane,  promoting  relatively 
uniform  mixing  of  the  fuel  and  air  prior  to  combustor  entry  ("uniform  injection").  The 
fuel/air  ratio  was  varied  on  each  test  between  0.02  and  0.07. 

A  simple  but  straightforward  way  of  examining  the  experimental  data  was  to 
determine  the  fraction  of  the  tests  that  showed  very-low-frequency  oscillations.  On 
the  basis  of  such  an  analysis,  some  general  trends  were  observed! 


(1)  Decreasing  the  air  inlet  diameter  tended  to  stabilize,  that  is,  reduce  the 
incidence  of  oscillations. 


(2)  Adding  a  flameholder  tended  to  stabilize. 

(3)  Increasing  the  air  inlet  temperature  tended  to  stabilize. 

(4)  Increasing  the  combustor  L/D  tended  to  stabilize  with  regard  to  the  very-low- 
frequency  oscillations.  Higher  frequency,  acoustically-coupled  oscillations 
were  observed  with  longer  chambers. 

(5)  The  fuel  injection  location  did  not  have  a  clear-cut  effect  on  stability, 
although  there  were  some  differences  in  the  patterns  of  stability. 

(6)  There  was  not  a  clear,  general  effect  of  combustor  diameter  on 
very-low-frequency  oscillations.  High  frequency  oscillations  were  observed 
primarily  in  the  largest  diameter  chambers,  as  would  be  expected  on  the  basis 
of  experience  with  liquid  propellant  rochets. 

Additional  data  analysis  considered  the  frequency  and  amplitude  of  the 
oscillations.  Very-low-frequency  oscillations  appear  to  depend  on  the  resonant 
interaction  between  the  dynamics  of  the  combustion  volume,  the  combustion  processes, 
and  the  feed  systems.  Liquid  rochet  experience  has  shown  that  bulh-mode  oscillation 
data  can  be  correlated  by  the  characteristic  length  (L*)  of  the  combustion  chamber  and 
the  pressure  drop  across  the  Injector.  To  determine  whether  such  parameters  would  be 
useful  in  the  ramjet  situation,  amplitude  and  frequency  data  were  plotted  against  L* 
and  the  ratio  of  the  dynamic  pressure  of  the  inlet  jet  to  the  combustion  chamber  mean 
pressure.  The  amplitude  data  were  nondimensioualized  by  the  chamber  pressure.  A 
dimensionless  frequency  was  defined  by 


where  f  is  the  oscillation  frequency  in  hertz  and  9  is  the  mean  gas  residence  time 
in  the  combustor.  According  to  theoretical  studiescof  oscillations  in  liquid- 
propellant  rockets  (Ref.  4),  the  dimensionless  frequency  should  fall  in  the  range  from 
1  to  6  and  should  be  relatively  independent  of  V. 


Figure  2  shows  the  dimensionless  frequency  values  observed  in  the  AFWAL  parametric 
testing.  It  can  be  seen  that  they  fall  in  the  expected  range  and  show  little,  if  any, 
dependence  on  L*.  The  amplitude  data  are  shown  in  Figure  3.  Although  there  is 
considerable  scatter  in  the  deta,  the  envelope  of  the  amplitude  data  clearly  decreases 
with  increasing  dynamic  presaure.  Because  of  the  soatter  in  the  smplltude  deta, 
detailed  correlations  with  regard  to  the  various  design  and  operational  parameters  were 
not  possible,  although  the  general  trends  determined  from  the  incidence  rates  were 
generally  confirmed. 


ANALYTICAL  MODEL 


Combust Ion-Time -Lag  Model 

The  anelytloal  model  (Ref.  5  -  9)  is  intended  to  provide  an  approximate,  global 
view  of  the  very-low-frequency  ramjet  oscillation  problem,  it  it  based  on  a  linearised 
small  perturbation  stability  analysis.  Although  such  a  modal  cannot  pradict  tha 
amplitude  of  ths  limit-oycia  oaoillationa  obaervtd  in  tasting,  similar  modals  have 
proven  valuable  in  the  development  of  stable  liquid-  and  solid-propellant  rocket 
enqlnee.  The  atability  analysis  yislds  a  characteristic  aquation  that  deflnts  the 
conditions  under  which  small  sinusoidal  oscillations  will  grow  or  dacay. 

Ths  major  assumptions  srst  (1)  ths  flow  in  ths  sir  inist  system  is  comprsssibU  and 
Is  ehsrscterissd  by  longitudinal  wavs  motion  during  unsteady  operation)  (2)  thsrs  is 
no  coupling  between  tha  oscillations  in  ths  combustion  chamber  and  ths  acoustic  modes 
of  the  chamber.  The  latter  assumption  is  not  unreasonable  since  in  many  combustors  ths 
major  energy  release  tone  it  located  between  25  end  (01  of  the  combustor  length, 
measured  from  the  inlet  (dump)  plane.  Thus,  the  energy  is  being  introduced  In  a  region 
that  is  very  inefficient  for  driving  the  first  longitudinal  mode  of  oeeillation.  The 
response  of  the  combustion  process  to  oscillations  in  ehsmbsr  conditions  is  reprssentsd 
by  a  time  Ug,  t_,  the  delay  between  entry  of  the  reactants  into  the  combustor  and 
the  eventual  energy  release.  The  time  lag  ia  taken  to  be  the  sum  of  e  convective  part, 
t  ,  which  it  insensitive  to  fluctuations  in  chamber  conditions,  and  a  ssnsitive  part, 
t  .  Although  tha  fuel  it  supplied  to  ths  angina  in  liquid  form,  it  has  bean  assumed 
that  there  is  sufficient  time  available  Cor  atomisation  and  vaporisation  so  that  the 
senaltive  time  Ug  la  aaaeatially  a  chemical  reaction  time. 
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The  stability  analysis  is  based  on  the  unsteady  energy  equation, 
Ein  +  Ecomb  “  Eout  “  dE/dt 


(2) 


where  E,  represents  the  rate  at  which  energy  is  convected  into  the  combustor, 

E  .  isnthe  rate  at  which  energy  is  released  by  the  combustion  process,  E  .  is 
tfietate  at  which  energy  is  convected  out  through  the  exhaust  nozzle,  and  iuts  the 
energy  within  the  combustor.  Each  of  the  energy  terms  is  expressed  in  term  of 
thermodynamic  and  fluid  dynamic  properties.  Sinusoidal  perturbations  superimposed  on 
the  mean  value  are  assumed  for  each  property.  For  example,  the  combustor  chamber 
pressure  is  written  as 


p3(t)  *  p3  +  p3'exp(st)  (3) 

where  s- X  t  iw.  The  physical  interpretation  of  this  formulation  is  that  oscillations 
of  circular  frequency W  will  grow  if  the  amplification  factor  h  is  positive  and  will 
decay  if  it  is  negative.  The  mathematical  problem  is  to  find  the  complex  values  of  s 
corresponding  to  a  particular  engine  configuration  and  test  situation. 

To  simplify  the  analysis,  the  distributed  combustion  zone  is  replaced  by  a 
relatively  concentrated  flame  front,  and  the  three-dimensional  flow  field  is 
approximated  by  a  one-dimensional  one.  A  simple  one-parameter  relation  between  the 
combustion  efficiency  e  (in  t)  and  the  combustor  length  L,  (measured  from  the  dump 
plane),  c  J 

ec  -  100  (1  -  (ct/I,3))  (4) 

is  used  to  determine  the  location  of  an  effective,  concentrated  combustion  zone.  The 
value  of  the  parameter  c,  was  determined  from  the  AFKAL  steady-state  performance 
data.  Figure  4  compares  0)10  calculated  and  experimental  values  of  combustion 
efficiency  for  a  typical  test  condition.  The  total  time  lag  is  calculated  by  dividing 
the  length  from  the  dump  plane  to  the  concentrated  combustion  zone  by  the  mean  velocity 
of  the  air/fuel  mixture.  The  location  of  the  combustion  zone  for  this  calculation  is 
somewhat  arbitrary,  and  can  be  used  as  an  adjustable  parameter  in  "calibrating*  the 
theoretical  model.  Based  on  liquid-propellant  rocket  experience,  the  combustion  zone 
should  be  taken  at  a  distance  corresponding  to  25  -  50%  combustion  efficiency. 

Expressing  each  of  the  energy  quantities  in  terms  of  the  perturbations  of  mass  flow 
rates  and  fluid  properties  gives  a  characteristic  equation 


fr(QF,tv,tT)  +  V<5A»tv,tT)  -  n(l-exp(-stc)} 
exp(-ate>  +  s#c 


+  1 


0 


(5) 


where  G.  and  G-  are  the  admittances  of  the  air  and  fuel  feed  systems,  respectively, 
def 1 ned  by  the  squat ions 


V/ftF  "  "  8r  Pl'^3 

“AVttA  ‘  *  °A  tl'h 


In  Eq.  (5),  e  is  the  gss  residence  time  in  the  coabustor,  n  is  the  "interaction 
index*  that  Manures  the  sensitivity  of  the  chemical  time  lag  to  pressure  and 
temperature  perturbations  in  the  combustion  tone,  and  t  is  the  acoustic  travel  time 
between  the  combustion  ions  and  the  exhaust  nozzle  entrlnce.  The  first  term  in  the 
denominator  represents  an  approximate  correction  for  temporal  effects  that  may  be 
significant  in  long  combustors.  The  functions  f.  and  f.  include  the  effects  of 
mass  flow  rata  and  fuel/air  oscillations  on  the  bvera 11  energy  release  rater 
expressions  for  these  functions  are  given  in  Kef.  I, 


The  Nyqulst  method  is  used  to  determine  the  stability  of  a  givan  case.  iq.  (5)  ie 
of  the  fora 


F(a)  ♦  1  •  0  (7) 

Wien  the  function  F(iw)  is  plotted  on  the  complex  plena  (a  typical  plot  is  shown  in 
Figure  S),  encirclement*  of  the  point  (-1.0)  indicate  instabilities.  Tbs  frequency  at 
which  f(l*e)  crosses  the  nagstiva  real  axia  while  encircling  1*1,0)  approximate*  tm» 
expected  oeeillation  frequency.  The  magnitude  of  F( iw)  at  tha  croasover  point  (the 
so-called  "gain")  la  a  aaaaure  of  the  growth  rat*  of  tha  oscillation  at  that 
frequency. 

In  thla  model,  the  interaction  index  n  la  calculated  from  an  aquation  givan  by 
Croc co  and  Chang  leaf.  4).  The  time  lag  it  date rained  from  aquation*  end  data  in 
Kiferences  10  -  12.  The  calculation  ef  the  air  inlet  admittance  0.  depends  on  the 
boundary  condition  at  tba  upatraaa  end  of  the  inlet  system.  The  computer  model 
includes  three  alternative  upstream  boundary  conditional  a  large  decrease  in  flow  area 
(corresponding  to  many  connected-pip*  teat  setup# ),  a  sonic  orifice  (used  on  torn*  of 
the  AFNfcL  testa),  and  a  specified  value  of  tba  complex  acoustic  reflection  coefficient 
at  the  Inlet-diffussr  shock.  Tbs  third  boundary  condition  wee  included  to  that  the 
model  can  be  applied  to  eagine  testing  with  supersonic  diffusers. 
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Vortex  Shedding  Effects 

It  is  well  documented  that  vortices  are  shed  at  sudden  enlargements,  such  as  the 
dump  plane  at  which  the  inlet  and  combustor  meet.  Two  mechanisms  by  which  these 
vortices  can  interact  with  the  combustion  process  have  been  identified.  Brown  and  his 
co-workers  (Ref.  13)  have  proposed  that  the  vortices  shed  at  the  dusp  plane  are 
convected  downstream  and  interact  with  the  convergent  part  of  the  exhaust  noxxle  to 
generate  a  pressure  oscillation  within  the  combustor.  Under  the  proper  conditions, 
rather  large  amplitudes  can  be  developed,  even  without  any  interaction  with  the 
combustion  process.  Another  vortex-shedding  mechanism  is  the  direct  interaction 
between  the  vortices  shed  at  the  dusp  plane  and  the  combustion  tone  downstream.  Marble 
(Ref.  14)  has  shown  that  significant  combustion  rate  perturbations  can  result  from  the 
periodic  'rolling  up*  of  the  flame  xone. 

vortex  shedding  arises  from  the  inherent  instability  of  the  shear  layer  formed  at 
the  dump  plane.  Shear  layers  appear  to  be  unstable  over  wide  ranges  of  conditions. 

Two  classes  of  flow  situations  appear  to  behave  differently  (Ref.  15).  'Impinging* 
shear  layers  are  those  which  encounter  some  kind  of  physical  obstacle  downstream.  The 
presence  of  the  obstacle  modifies  the  shear  flow  such  that  amplification  of  small 
fluctuations  may  occur.  * Nonimpinging*  shear  layers  have  no  downstream  obstructions  to 
feed  back  flow  irregularities  that  can  lead  to  instability.  Rather,  any  instability  of 
a  nonimpinging  shear  layer  is  inherent  in  the  flow  itself.  It  is  well  established  that 
resonant  oscillations  of  impinging  shear  layers  can  reach  amplitudes  of  two  orders  of 
magnitude  greater  that  those  of  nonimpinging  (or  nonresonant)  shear  layers. 

The  mechanism  that  has  been  incorporated  into  the  stability  model  to  account  for 
the  generation  of  an  oscillatory  pressure  field  in  the  combustor  by  shear  layer 
instability  (based  on  References  1$  -  18)  is  the  following)  A  pressure  oscillation  at 
the  dump  plane,  p,' ,  results  in  a  velocity  oscillation.  A  vortex  is  shed,  the 
strength  of  which Jis  proportional  to  the  velocity  oscillation  amplitude.  The  vortex  is 
shed  at  the  instant  the  velocity  reaches  its  peak.  The  vortex  propagates  downstream  at 
about  COt  of  the  velocity  of  the  inlet  flow.  The  vortex  strength  grows  exponentially 
until  s  maximum  strength  is  reached  or  the  nonle  is  encountered.  As  the  vortex  passes 
through  the  noxxle,  a  pressure  perturbation  is  generated  that  propagates  upstream  at 
the  sonic  velocity  relative  to  the  mean  flow.  If  the  chamber  is  shorter  than  the 
length  required  to  develop  the  maximum  vortex  strength,  the  pressure  perturbation 
produced  by  the  vortex  will  be  proportional  to  the  original  pressure  oscillation.  If 
the  chamber  is  longer  than  the  length  required  to  develop  the  maximum  vortex  strength, 
the  vortex  will  tend  to  dissipate  and  to  lose  its  coherence.  The  resulting  pressure 
perturbation  will  thus  be  leas  strong  and  coherent.  Thus,  the  strength  of  the 
resulting  pressure  perturbation  will  depend  on  the  Strouhal  number  and  on  the  chamber 
length.  The  phaee  of  the  added  pressure  oscillation  will  dapend  on  tha  phase  of  the 
velocity  perturbetion  at  tha  dump  and  on  the  transport  time  to  the  nosxle  and  back. 

Thin  phanomanon  ia  inherently  nonlinear.  Therefore,  ell  aspects  of  it  cannot  be 
incorporated  into  a  linear  theory,  Since  the  combustor  length  is  typically  somewhat 
greater  than  the  distance  required  to  develop  the  peak  vortex  atrength,  it  la  aaaumed 
that  the  vortex  ie  at  its  peak  strength  as  it  enters  the  noxxle.  The  peak  vortex 
strength  ie  a  function  of  the  6trouhal  number,  Sr  ,  based  on  the  jet  velocity  and  the 
momentum  thickness  of  tha  shear  layer  at  its  point  of  origin,  l.e., 

8rm  *  1  Vvj  «« 

The  pressure  oscillation  resulting  from  the  vortex  sftedding-nosxle  reflection  mechanism 
will  be  given  by 

-  njPj'tlVj'l/^iMjfjiSr.lexpt-lwt^)  ill 

where  |v2'|  is  the  magnitude  of  the  inlet  velocity  perturbation,  is  the  H^h 
number  of  the  inlet  flow,  t  ie  the  sum  of  the  downstream  transport  time  of  the 
vortex  and  the  upstream  propagation  time  of  the  pressure  wave,  and  the  coefficient  n, 
includes  the  ratio  of  pressure  perturbation  to  vertex  strength  resulting  fro*  the 
passage  of  the  vertex  through  the  nettle  as  well  as  the  amgnitude  of  the  vertex -induced 
field  relative  to  the  combustion  noise.  Tha  function  f.«  which  is  the  ratio  of  the 
peak  vortex  atrength  to  the  maximum  peak  vortex  atrength  and  is  based  on  freymeth's 
results  (Ref,  It),  is  shewn  in  figure  t,  Rinse  the  air  and  fuel  flow  rate 
perturbations  are  proportional  to  the  combustor  pressure  perturbation,  the  effect  of 
the  pressure  field  generated  by  the  vortex  shedding  can  be  determined  by  sultipiylng 
the  flow  perturbations  by  *  correction  rector,  1  ♦  Pv'/Pj‘» 

for  nomlnpiaging  shear  layers,  there  is  an  apparent  streamwise  length  scale  baaed 
on  the  concept  or  a  vortex,  traveling  downstream  at  about  $4*  of  the  flew  velocity, 
combined  with  a  sound  wave  propagating  upstream  (Ref.  IS).  The  pease  requirement  for 
instability  gives  the  equation 

ty/uy  ♦  ty/n  «  (10) 

where  U,  ie  the  apparent  length  acaln,  u  is  the  vortex  propagation  speed,  a  is  the 
speed  of  sound,  and  m  *  1,  i,  ,  ,  ,  mots  that  if  L.  is  the  distance  from  the  duxp  to 
the  combustion  tone,  there  is  the  peaaibilty  of  instability  on  the  basis  of  a  direct 
vortex-combustion  mechanism. 
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Schadow  (Ref .  19)  correlated  vortex  shedding  and  rollup  frequencies  in  simulated 
ramjet  combustors  with  the  Strouhal  nuaber  based  on  the  inlet  air  jet  velocity  V,  and 
inlet  diameter  Dj,  fle  found  the  vortex  rollup  frequency  to  be  given  by  ' 

Sr2  -  fDj/Vj  -  0.27  to  0.31  (11) 

Schadow's  results  have  beer,  taken  as  the  basis  of  the  direct  vortex-combustion 
interaction  mechanism  included  in  the  present  stability  model.  Vortices  produced  by 
the  natural  instability  of  the  shear  layer ,  without  interaction  with  the  combustor 
geometry,  form  coherent  structures  (i.e.,  flowfield  perturbations),  the  strength  of 
which  peaks  at  a  frequency  corresponding  to  a  Strouhal  number  (Sr.)  of  0.3.  These 
perturbations,  when  they  reach  the  combustion  xone,  result  in  perturbations  of  the 
burning  rate.  The  combustion  rate  perturbation  can  then  be  written  as 

Q'  -  Q0'tl  ♦  n2fa(Sr2)exp(ia»twc)l  (12) 

where  Q  '  is  the  combustion  rate  perturbation  in  the  absence  of  vortex  interaction, 
in  thls°equation,  the  function  I,  accounts  for  the  effect  of  Strouhal  number  on 
vortex  strength)  it  reaches  a  maximum  value  of  unity  at  sr2  •  0.3.  The  function 
f.  is  shown  in  Figure  7.  The  time  lag  t  includes  both  the  vortex  transport  time 
and  the  time  between  the  arrival  of  the  vortex  at  the  combustion  tone  and  the  enhanced 
energy  release  (which  has  been  aasumod  to  be  approximately  equal  to  the  chemical 
reaction  tine  lag,  t ).  Finally,  n,  is  an  empirical  coefficient  that  accounts  for 
the  magnitude  of  thecflowf ield  perturbation  and  the  combustion  rate  response  to  that 
perturbation.  Based  on  Marble's  analysis  (Ref.  14),  n,  should  be  of  the  same  order 
of  magnitude  as  the  interaction  index,  n.  To  include  this  vortex-combustion  mechanism 
into  the  analytical  model,  the  second  term  of  Eq.  (12)  was  added  to  the  numerator  of 
the  first  term  of  the  characteristic  equation,  Eq.  (5). 

Tha  effects  of  the  two  vortex  shedding  mechanisms  can  be  seen  from  calculations  of 
the  oscillation  frequencies  and  gains  for  a  typical  case.  Figure  •  shows  the 
calculated  frequency  and  gain  for  the  vortex-qenerated  pressure  field  mechanism.  It 
can  be  seen  that  increasing  n,  increases  the  gain  over  that  predicted  by  the  basic 
combustion  time  lag  model.  Moreover ,  additional  modes >  at  both  higher  and  lower 
frequencies,  are  predicted,  although  the  oscillation  frequency  for  any  mode  is 
essentially  unchanged.  Figure  9  gives  the  calculated  results  for  the  same  test  using 
the  direct  vortex-combustion  mechanism.  Increasing  the  coefficient  n,  also  increases 
the  predicted  gain,  although  the  destabilising  effect  does  not  appear  to  be  as  strong 
as  for  the  vortex-pressure  mechanism.  The  oscillation  frequency  is  dependant  on  the 
magnitude  of  n2,  but  no  additional  unstable  modes  ere  predicted  by  this  mechanism. 

Sntropy  Wave  Effects 

The  meeheniem  by  which  entropy  waves  ean  produce  self -sustained  oscillations  can  be 
described  as  follows  (Ref.  10).  K  pressure  disturbance  near  the  dump  plane  cause* 
perturbations  of  the  fuel  and  air  flows,  which  ere  transported  with  the  mean  flow  to 
the  combustion  tone.  The  alteration  of  the  local  fuel/air  ratio  causes  some  of  the 
reactsnte  to  burn  at  a  temperature  different  ’hen  the  mean  combustion  temperature, 
resulting  in  e  quantity  of  products  at  e  different  entropy  than  the  seen  flow.  This 
"entropy  wave*  is  transported  with  the  flow  oi  eombuetion  products  to  the  nottle,  where 
it  is  awtlwctod  a*  e  pressure  mews. 

To  investigate  the  possible  role  of  entropy  wavee.  the  sensitise  time  leg  model  was 
audit  ted  by  M-jner-ti  *3  the  combustion  pressure  oscillation  felt  by  the  air  and  fuel 
feed  systems  -.ty  an  neclllaUen  lelayed  in  time  and  hewing  as  amplitude  a  times  the 
original  wave.  th*v  Is, 

^ew*  *  Pp**1  .  ♦  ft^expi-lsitjM  111; 

where  p  ’  is  the  augmented  oscillation  and  p  '  is  the  original  wave.  Since  the 
air  and"usl  flow  r ate  perturbations  are  proportional  to  the  combustor  pressure 
perturbation,  the  effect  of  the  entropy  *ev»  i;<  to  multiply  each  of  the  flow  rate 
perturbations  by  the  factor  H  *  n^jMtpt*!***.)).  The  time  delay,  t»*  is  given  - 
by  the  equation 

H  *  W‘  .  ,l«» 

where  u,  is  the  location  of  the  mean  coebuatios  tone  (from* the  dump  plane),  t,  la  ¬ 
the  eom&sior  length,  vu  and  vv  are  the  ness  flow  velocities  of  the  unburned  * 
reactants  end  combust ioR  products,  end  *„  and  a*  tre  the  acoustic  velocities 
upstream  and  downstream  as  the  combustion  tone,  respectively. 

hn  spprseimele  expression  for  n  can  be  derived  by  oensidsting  the  nastie 
admittance  equation  («*f .  ilt  for,  tH  case,  of  purely  longitudinal  wave*, 

V^b*V’%*V^  **** 

where  ep  U  the  i somatic  specif  ie  beat  of  '.the  combustion  products,  let 

p"  *  p#'  *  p#‘  ;  (id) 
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where  p  '  i«  the  issntropie  preeeure  perturbation  and  p  '  is  the  pressure 
perturbation  resulting  from  the  entropy  wave.  Note  that  p *  ia  the  coabustor 
preaaure  perturbation  of  the  basic  combustion  tiae  lag  model  and  that  the  nossle  flow 
condition  in  the  basic  aodel  ia  equivalent  to 

Vo'^c  “  Vb‘/V'b  <17> 

Then,  subtracting  Bq.  (IT)  froa  Bq.  (16)  gives 

P.’^c  "  -(VV'cp  a8> 

The  entropy  perturbation  can  be  related  to  the  coabuetion  temperature  and  coabustor 
pressure  perturbations,  and  thence  to  the  fuel  and  air  flow  rate  perturbations.  The 
flow  rate  perturbations  are  related  to  the  coabustor  pressure  perturbations  by  tho 
admittance  equations,  Bq.  (6).  Then 

new  "  l*n^*B*  < r/Tj)  (dTj/dr)lGp-Q^-()i»l)/kl  (19) 

where  r  is  the  fuel/air  ratio.  For  the  frequency  range  of  interest,  the  calculations 
of  Ref.  21  indicate  that  the  complex  nossle  adaittance  coefficients  A  and  B  are 
related  by  the  approxiaate  equations  “  u 


Bni  *  ’  n3*ni 
where  0  <  Bj  <  1. 

Figure  10  shows  theoreticsl  results  for  s  typical  test.  For  values  of  the 
coefficient  n3  greater  then  0.1S,  several  additional  oscillation  frequencies  appear. 
Bach  frequency  is  nearly  independent  of  a.,  whereas  the  gain  of  each  aode  increases 
as  tho  value  of  n.  ie  increased.  For  n.  Between  0  and  0,15  there  ia  a  201  increase 
in  frequency  and  a  curioua  minimum  in  tne  gain  curve  at  n,  •  0.1.  It  can  be  seen 
that  the  frequency  of  the  dominant  mode  (l.e.,  chat  aode  neving  the  greatest  gain)  for 
n5  >  0.3  is  much  lower  than  that  predicted  by  the  sensitive  time  leg  theory  without 
entropy  wave  effeota. 


CONFMUBON  OF  TKBOftV  ABO  BXFBMHBhT 


Because  of  the  scatter  in  the  experimental  amplitude  data  and  the  fact  that  the 
linearised  theory  can  only  predict  a  growth  rate,  not  a  limit-cycle  amplitude,  the 
comparison  of  theory  and  experiment  has  been  made  in  terms  of  the  presence  of 
oscillations  in  the  very-low-frequency  range.  More  than  200  teats  were  analysed  to 
•ate  this  comparison.  The  comparison  was  made  in  two  wayst  tl>  examining  the 
predicted  and  experimentally  observed  effects  on  stability  of  various  design  and 
operational  parameters,  and  (21  noting  the  agreement  between  theory  and  experiment  on  a 
text-by-test  basis.  The  design  psrsseters  investigated  were  (Use holder  blockage, 
inlet  diameter  to  combustor  diameter  ratio,  coabustor  length  to  diameter  ratio.  The 
effect  of  air  inlet  temperature  was  also  determined,  Although  the  fuel/alr  ratio  was 
varied  on  these  tests,  no  attempt  was  made  to  include  this  an  a  parameter  in  comparing 
the  calculations  with  the  experimental  results.  The  theoretical  predictions  were  made 
with  the  basic  eombustion-time-iag  model  and  with  each  of  the  additional  mechanisms 
added  separately  to  the  basic  model. 

Figure  11  shows  the  effect  of  the  flameholder  blockage  on  oscillation  Incidence. 

The  experimental  results  showed  a  significant  stabilising  effect  of  increasing  the 
blockage.  The  theoretical  model  showed  substantially  less  of  a  stabilising  effect  due 
to  the  presence  of  flams holders.  Adding  the  entropy  wave  mechanism  to  the  model 
improved  ths  theoretical  prediction  slightly,  wberoua  adding  the  vertex-pressure 
mechanism  ends  it  a  bit  worse. 


experimentally,  increasing  the  combustor  length/dismeter  ratio  was  strongly 
destabilising,  as  shown  in  Figure  12.  however,  only  the  direct  vortex -combust ion 
mechanism  (added  to  the  basic  aodel)  showed  any  destabilising  effect. 

Somewhat  better  results  were  obtained  with  tt»  inlet  diameter /combustor  diameter 
ratio  (Figure  til.  All  of  the  theoretical  pt«du-  one  showed  good  agreement  with  the 
destabilising  effect  of  increasing  the  ratio  oM--v#d  in  the  experimental  data. 
Similarly,  the  et#»n  of  the  air  inlet  temper* '.-ore  is  seen  in  Figure  U  to  be  strongly 
stabilising,  both  by  the  experimental  data  »nd  all  of  the  theoretical  model 
calculations.  •  • 

When  the  lest-hy-t  «s.  results  we.*  coopered,  ait  of  the.  variations  of  the 
analytical  model  appeared  to  be  egually  successful  overall.  Figure  15  shows  a  typical 
result.  For  the  low  inlet  temperature  tests,  including  the  vortes-pr assure  mechanism 
gave  the  best  agreement.  At  tbe  intermediate  temperature,  the  eat ropy  wave,  mechanism 
improved  the  agreement  between  theory  end  experiment .  however,  at  the  high 
temperature,  the  basic  model  teas  as  good  as  the  model  with  vortex  effects  and  better 
■than  the  model  with  entropy  wave  effects,  overall «  the  basic  model  agreed  with 
experiment  on  alt  of  the  tests ■  adding  any  of  the  additional  naohaaiama  reduced  tne 
agreemoat  by.  about  it. 
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The  calculated  and  observed  frequencies  are  compared  in  Figure  16.  More  than  80% 
of  the  calculated  frequencies  fell  between  85%  and  145%  of  the  corresponding  measured 
values.  On  the  average,  the  calculated  frequency  was  about  10%  larger  than  that 
observed.  Figure  16  shows  that  for  tests  at  the  lower  fuel/atr  ratios,  the  analytical 
model  tended  to  underestimate  the  frequency,  whereas  the  opposite  result  was  obtained 
at  the  hlghter  fuel/air  ratios. 


CONCLUSIONS 

The  basic  model,  which  depends  primarily  on  the  oscillating  feed  rates  of  air  and 
fuel  as  the  driving  mechanism  for  combustion  pressure  oscillations,  gives  moderately 
good  agreement  with  experimental  data.  Vortex-shedding  and  entropy  wave  mechanisms 
have  been  shown  to  increase  the  tendency  of  a  liquid-fueled  ramjet  to  oscillate,  but 
their  inclusion  in  the  analytical  model  has  not  led  to  significantly  better  agreement 
with  experimental  stability  behavior.  The  most  serious  disagreements  between  the 
model's  predictions  and  the  experimental  results  occur  for  small  L/C  combustors  and  for 
combustors  with  f landholders  at  the  dump  plane.  The  use  of  an  empirical  correlation, 
rather  than  an  analytical  model  of  the  steady  state  combustion  distribution,  limits  the 
usefulness  of  the  model  in  its  present  form.  Another  limitation  of  the  model  results 
from  the  need  to  guess  values  of  the  coefficients  used  in  the  formulations  of  the 
vortex  and  entropy  wave  mechanisms.  Further  research  into  these  mechanisms  is  needed. 
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Figure  1.  Experimental  Apparatus  for  AFWAL  tasting 
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Figure  2.  tapir  leal  Correlations  ol  Oscillation  Frequency 
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AFWAL  PARAMETRIC  TEST  RESULTS  AFWAL  PARAMETRIC  TEST  RESULTS 


Figure  3.  Empirical  Correlations  of  Oscillation  Amplitude 


AFWAL  PARAMSTR.C  TESTING  NYQUIST  DIAGRAM 
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Figure  4.  Combust Inn  Distribution  Figure  5.  Typical  Nyguist  Diagram 


Figure  4.  Vortea-Fteasure  Field  Function  Figure  1.  Vcrtea-Coebuatloa  Function 
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Figure  11.  Effect  of  Placeholder  Blockage  Figure  12.  Effect  of  Coabustor  t/D 

Note:  EX FT  »  Experimental  Reaults,  TL  *  Baaic  Combustion  Time  tag  Model. 

v-p  •  Vortex-Preaaure  Mechanism  added.  V-C  »  Vortex-Coabustion  Mechanism  Added. 
EN  *  Entropy  Nave  Mechanise  Added 
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Figure  11.  Effect  of  lnlet/Coabuator  Figure  14.  Effect  of  Air  Inlet  Teapereture 
Olaaeter  Ratio 


figure  IS,  Agreaaeet  Between  Theory 
and  taper laeat 


Figure  it.  Comparison  of  caiculeted  and 
taperlaeetai  Pragueaeiea 


DISCUSSION 


S.  Sivattgaran,  UX 

Did  you  investiftte  the  possibility  that  the  observed  frequency  vie 
related  to  the  longitudinal  frequency  of  the  duct,  especially  of  the 
upstrean  length,  or  one  of  it  a  harmonics? 

Author' a  Xaply: 

Yea,  I  did  investigate  the  dependence  of  the  oscillation  frequency 
on  the  inlet  length.  1  found  that  the  product  f  L/n  (where  f  is 
the  observed  frequency,  L  is  the  inlet  length,  and  0  0  1,2,...) 
was  approximately  constant.  As  shown  by  Figure  2  of  ny  paper,  the 
product  ft*  was  also  naarly  constant,  since  the  conbustor  gas 
residence  tine  used  to  calculate  the  dinensionlesa  frequency 
plotted  in  Figure  2  is  proportional  to  the  conbustor  characteristic 
length  t*.  For  both  of  these  correlations,  the  standard  deviation 
was  about  20X  of  the  aean.  I  alto  found  that  the  product  of  the 
observed  frequency  and  the  total  coabuation  tine  lag  waa  approximately 
constant.  There  was  nore  scatter  in  the  latter  correlation,  since 
the  coesbuttion  tine  lag  was  calculated  from  the  neasured  combustion 
efficiency,  an  attuned  axial  coabuation  distribution,  and  the  inlet 
gas  velocity  at  the  dump  plane. 

These  results  are  in  agreement  with  the  concept  that  the  occurrence 
of  very-low-frquency  combustion  instability  depends  on  the  interaction 
hetweeu  the  dynamics  of  the  propellant  feed  ayatem,  the  combuation 
process,  and  the  combustion  chamber  (including  the  exhaust  nosale). 
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ABSTRACT 

instabilities  In  dump  combustors  with  triangular  and  round  ducts  have  been  Investigated  with  expansion  ratio,  eccentricity 
ot  the  dump,  equivalence  talk)  and  method  ot  Injecting  the  gaseous  fuel  as  variables,  and  with  and  without  exit  nozzles.  The  shear 
flow  developing  (torn  the  vertex  ol  a  triangular  duel  la  (tea  Irom  large-scale  coherent  structures,  and  the  injection  ot  tuel  close  to 
the  vertices  ot  ■  triangular  upstream  duct  made  the  Now  less  susceptible  to  periodic  heal  release  end  resulted  in  wider  ranges  ot 
llsmmzbitlty  and  stability.  This  ettect  is  quantllled  tor  different  arrangements  ot  Injection.  The  effect  ot  eccentricity  on 
tiammabillty  end  stability  characteristics  is  shown  to  be  unimportant  tor  dump-plane  area  ratios  greater  than  2.S  and  rough 
combusion  In  open-ended  ducts  gave  rise  to  quarter-wave  oscillations  while  the  presence  ot  an  exit  nozzle  caused  butt-mode 
frequencies  to  dominate. 

NOMENCLATURE 

8  ;  sate  ot  triangular  downstream  duct 

b  ;  side  ot  triangular  ueoueam  duct 

e  beat  velocity  ot  sound 

0  :  diameter  or  equivalent  diameter  tot  downstream  duet) 

d  ;  diameter  or  equivalent  diameter  tot  upetieam  duet) 

tt  :  eccentricity 

t  :  frequency 

L  :  length  ot  downstream  duct 

U ,  ;  Ueeh  number  *  Ufe 

p  '  :  pressure,  mean  wall  static  pressure 

Re  :  ReyttoUe  number  *  u  dv 

Si  ;  StrouhM  number  *  t  tkU 

U  :  wean  vetoes  Me  duct  hNMduMefy  upetrvu*  ot  toe  durep  puna 

X  ■  t  upstream  duet  tengih 

V  :  deterge  o»  duct  a**  Uo«  vertex  d  mangtMr  duct 

y  !  dUlance  ot  luidiitg  here  trem  vertex  e>  Wtaegutor  duet 

it>  '  peek  to  peek  owpMude  or  torctoetotg  pressure 

A  t  wmw  te«^  M  daMtatti  keqjincy  at  atebwhi  ooedturut 

«  ;  Umretoito  vtecoaey 

P  t  density 

*  t  equ»vMerto«  two  •  (Ml »  m  rwowtuei  to  ox  two  at  stoiehtoxoeery) 


tebweipU 

•  ;  butomede 

€  s  -  exit 
f  ;  Mxw<g  tocotton 
*«i  :  tool  mtm 
T  :  ttttAguur  <f*t 
Are  i  quarierwave 

o-  i  duct  iipetteim  ot  ttiwguux  duct  e>  cortogMeXMi  C 


f 
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1 .  INTRODUCTION 

Oscillations  In  premlxed  llamas  In  axlsymmetrlc  dump  combustors  have  been  Investigated  extensively  [1-10]  and  rough 
combustion  in  combustors  with  an  unconslrlcted  exit  found  to  be  associated  with  the  longitudinal  (quarter-wave)  frequency  of  the 
duct  length  downstream  of  the  dump  plane.  The  length  of  the  duct  upstream  of  the  dump  plane  did  not  Influence  the  frequency  but 
could  attenuate  the  oscillations  when  the  quarter-wave  frequency  of  the  upstream  duct  length  with  an  acoustically  closed  end  was 
the  same  as  the  dominant  frequency  In  rough  combustion.  Methods  of  suppressing  oscillations  have  also  been  developed  and  Include 
the  use  of  quarter-wave  tubes  and  Helmholz  resonators  attached  to  the  combustor  at  a  location  close  to  a  pressure  antinode  of  the 
longitudinal  frequency  (9,11,12],  the  selection  of  the  upstream  duct  length  so  as  to  minimise  the  amplitude  of  oscillations  [9],  the 
strategic  location  of  an  impedance  such  as  an  orifice  In  the  upstream  duct  [9,13,14]  and  the  Introduction  of  oscillations  at  the  same 
frequency  as,  but  out  of  phase  with,  the  dominant  frequency  [15,16].  Crump  et  at.  [6]  reported  strong  pressure  fluctuations 
associated  with  the  longitudinal  (half-wave)  frequency  of  the  dud  length  downstream  of  the  dump  plane  in  a  combustor  with  an  exit 
nozzle. 


The  driving  mechanism  of  instabilities  in  a  dump  combustor  associated  with  coherent  How  structures  has  been  examined  in 
air  and  water  flows,  In  diffusion  llames  and  In  dump  combustors  [17-19].  The  results  show  that  coherent  How  structures  are 
formed  by  interaction  between  shear-flow  Instabilities  and  acoustic  resonance  and,  where  vortices  dominated  the  reacting  How, 
combustion  was  confined  to  Hie  core  of  the  vortices  and  ted  to  periodic  heal  release. 

Experiments  with  nozzles  ol  triangular  and  square  section  |7,  20-23]  have  shown  that  large-scale  structures  are  formed 
only  at  the  sides,  while  the  regions  al  the  vertices  are  dominated  by  small  scale  turbulence.  It  has  also  been  shown  [24]  that 
combustion  developing  from  the  sides  ot  the  burner  nozzle  Is  associated  with  vortical  structures  while  that  Irom  the  corners  is 
fully  turbulent  and  tree  ol  coherent  structures.  These  features  can  be  beneficial  tor  non-premixed  reacting  Hows,  with  the  line- 
scale  mixing  at  the  vertices  augmenting  molecular  mixing  and.  therefore,  the  reaction  rate.  The  Introduction  ol  fuel  into  the  lino- 
scale  turbulence  region  at  the  vertices  may  also  be  used  to  avoid  InteracHon  between  the  Sow  structures  and  combustor  acoustics. 
Thus,  understanding  ot  the  stabiS'y  characteristics  ot  triangular  and  other  asymmetric  ducts  may  help  to  extend  the  operating 
range  ot  a  combustor  and  the  present  paper  reports  measurements  ot  the  llammab'Uty  limits  and  stability  eharaclerlsilcs  ot  non- 
premlxed  flames  in  triangular  and  round  ducts  and  quantities  the  extent  to  which  fuel  Injection  at  the  vertices  ol  a  triangular 
upstream  duet  can  suppress  combustion  oscillations  In  dump  combustors  with  and  without  an  exit  nozzle. 

The  flow  configurations  and  measurement  techniques  ate  described  briefly  in  the  following  section,  and  the  results  are 
presented  and  discussed  in  the  third  section.  The  final  section  summarises  the  main  conclusions. 

2 .  FLOW  CONFIGURATIONS  AND  INSTRUMENTATION 

The  fioet  configurations  are  shown  to  Figure  t  and  the  important  dnwwion*  in  Table  I.  tn  configurations  A  and  B.  air  and 
feet  were  mixed  in  a  swfit  register  and  flowed  past  a  honeycomb  to  remove  the  swirl  and  burned  in  the  downstieani  section,  with 
the  name  stabilised  behind  the  rearward- facing  step  at  the  sudden  expansion.  Alternative  tuefimg  facilities  were  provided  In 
configuration  C  tor  the  injection  ol  feet  into  a  triangular  duet  knmedfeMV  upstream  ol  the  dump  plane  either  at  tight  angles  to  the 
dheeifon  ot  Hew  or  at  an  angle  ot  25°  to  the  duet  axis  at  the  dump  plane  or  atong  Ihe  dbeetes  to  the  hew.  Natural  gas  ($4%  CH*) 
was  the  feet  for  tests  In  ducts  without  on  exit  notsle.  and  bolded  propane  gas  t»S%  C  jM*|  was  used  for  foils  in  duels  with  an  exit 
naze*,  because  the  exit  constriction  necessitated  a  higher  feet  uppty  pressure.  Earner  wetfi  [toj  has  shown  that  a  change  in  feet 
bgm  methane  to  propane  in  premlxed  dump  combustors  does  not  attest  the  stability  ehatectenem*  or  the  strength  and  fieqygncy 
ot  combustion  oscDbttons,  in  cenfigurafien  D,  art  Sowed  past  a  eenvergentdvmgem  wsufo  info  the  tpettcam  duct  and  ethylene 
was  injected  in  the  tfoedion  ot  the  air  tow  50  mm  upstream  ot  the  dump  stone, 

The  Itow  mtesetae  and  feet  m  A,  BaadC,  were  obtained  mto  otfoce  pfotes  and  the  tree-tefo  sound  intensay  at  a  wcatton 
•Am  Irom  me  duct  axis,  and  ettoeetd  plane  ot  toe  combustor,  and  *al  s We  pressure  tWiemon*  were  ebtdned  wan  a  Bruet 
and  djaer  condenser  tmerophone  t8*K  4134)  and  a  Ktstfot  pressure  transducer  (type  gist),  respecseety,  and  the  oufout 
processed  in  a  Spectral  Dynamics  FFT  spectrum  analyser  [So  340}  to  gtre  power  ipecva.  Temperature  measurement  m  toe  exit 
ptane  et  toe  combustor  were  obtained  using  SO  mm  Pi  -  iSffiAfePi  toetmeceuptot  and  unbufnt  hydrocarbon  using  a  1.0  mm 
mtetnal  Aamaer.  t  o  mm  external  dfometcr  water  coated  camping  probe  ana  an  AnMysd  Automaton  Fid  a<a,pr  (model  m 
**t-  Measurements  to  dantgutaneA  b  comprised  ad  and  feet  hew  rates  and  was  tunc  pressure  Puctuatens  ebtamed  web  a 
«»<*»  pewtut*  transducer  (model  302  At}  and  processed  w  a  Spectral  Dynamics  m  ipecsmm  toxaiyser  ist) 

* 

J.  RESULTS 

the  m*u*»  ate  tat  a  mum  m  lew  rate  et  mpteienawy  3.0  fij'twm.  unless  euntrwue  sieied,  so  mat  toe  neat  retease  « 
cehitant  for  a  gee*  *wm*M**  taps.  The  upstream  Mach  number  varied  between  00*  for  toe  St  mm  upstream  duct  w  03  tor 
am«at33amei)vwafom>iime>cw.  tmemantom«iniere.tottomwrdartoieedmtotoemefot4>Ktimtfmeeforettoeaownit*mn 
(Q|  aaa  Reyddn*  *  “  -^-1  '-t  rr  -rirnr  ntn  Tin  tifoitu  if  nur  mmamHj  uptbema  at  rt  damp 

puma. 
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ALTERNATIVE  HIEUJtjG  FACILITIES 


5,5  urn 
fuelling 
tube 


© 


2  mm 


fueling 

tube 


Pttatlsed  Flow* 


Round  duel*  wtth  KctnUic  *m 


the  etlett  at  a*tal  wxentneity  was  esantoted  to*  a  dewnsutiaw  text  ttUOw  toasteistt  with  an  uneonu*«ted  «*■«,  an 
unmeant  duet  ot  40  nun  toawete*  and  eesenmcity  vatyi ng  between  0  and  SO  mm,  Thu  mttoenee  of  the  uRsbeam  and  ttewnsueam 
duel  tongtot  on  Hanunatjat^  and  HUtoHy  wets.  and  on  the  sound  intensity  and  dununant  fceouency,  ata  shewn  in  Figu-‘s 
8  lot  an  eceentrcwy  oMO  am  and  an  i*W«a*n  HeyooAte  nuntoet  id  *0.000  (Mo  *  0.1).  Th*  tosoes  mat  moda*  to  those  tot  me 
astoywtesWe  geomefay  o»  tetotenee  W  wdh  duett  el  tones*  toaHeMeflt.  tough  eatafauetostt  wot  evened  e«y  tot  dawntoean*  «ttt 
lengths  gteetot  than  j  o  and  the  siawey  and  fcwwytototy  touts  ate  almost  meattant  to*  duet  tongm*  gteat**  than  i  o.  the 
dominant  hequsocy  It  atwetotod  warn  the  quart******  ttequency  el  toe  dowtutotatn  duet  length,  metgectoo  el  toe  toetteam 
duet  tongto.  The  sound  Men toy  van**  wen  ttotoeam  duet  tongto  ano  ta  a  mauauun  when  me  h»*a**  ht-gunncy  el  toe  udtheow 
duet  tongto  to  wjud  to  toe  ttownan*  fcogueney  and  a  mmum  when  the  duarta*«aee  faeguency  to  eouto  to  toe  domaiuwK  taKjuwtey. 
The  ntawstum  sound  mwntoy  oecuts  as  a  tews  el  toe  wtee-gustw*  wane  heoueoey  el  toe  enu«  dost  tenym  tuMthag  me 
dMMtato  Musncy.  am  toe  ssntown  to  due  it  toe  Mewettow  el  »ic>Na*eAS  fay  toe  to&tea*  duet  fengm  actum  we  a  guanst. 
was*  tube,  tvscw*  twnueneto*  etate  atoe  absented  m  unoow  e embuswn  and  meowed  as  me  tongstofnal  tgosjwwmot 
faaquantiM  el  to*  downtotaam  duel  tongto  and  me  etuw*  dust  wag*  el  toa  ceetfauwat  ot  to ait  hawtenea.  Time  anfaMudea  wet* 

tgd  ftQt  cdftfefeiit  Id  fed  tanfrj  KdtAi %, 

The'  Whence  el  eeantocay  on  me  subfaey  and  mnatobiwy  wees.  to  mi*  umap i  neat  me  mawtunt  eahe  el  toe 
dstnMy.  e  •  (0  >  dtf.  white  toe  Hunan  abi*y  tange  el  on  to  asgMy  nanowet  toan  toe  tange  el  01  to*  ma  ewjwuaetoe 
fawnxey.  htoa.  to*  fa  tammm  tongto  el »  P.toe  eww  el  mugfa  tgniiuiiMa  was  at  an  utowant  tontwBi  waste*  el  toooo  to* 
toe  nuuwmm  aetentodfay  eampted  wto  •  lUinaian  awefaet  el  «0£0e  tot  toe  atimtentofait  gseeeey.  Fat  t*«*et  hue  ma  and 
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TABLE  1 

Main  Dimension*  of  Cembuator  Geometries 


D  B 

Geomelry  —  — 

(mm)  (mm) 

d.do 

(mm) 

b 

(mm) 

UD 

x/D 

XT  XF 

(mm)  (mm) 

Oe 

(mm) 

A 

80 

40 

5-11.5 

4  -15 

80,53,40.35 

8 

110 

51 

4.5-11 

4-7.5 

110 

40 

4.5-11 

4-7.5 

40,35 

110 

23 

4.5-11 

4-7.5 

C 

51 

40 

31 

3-12 

6-12 

150 

51,35 

80 

51 

41 

3-10 

4-7.5 

150 

80 

80 

40 

31 

3-12 

4-7.5 

150 

80.63,40,35 

Cl 

SI 

40 

31 

3-12 

8-12 

150 

100 

51,35 

80 

40 

31 

3-12 

4-7.5 

150 

100 

60,53,40.35 

ca 

80 

40 

31 

3-12 

4-7.5 

150 

0 

60.40,35 

a 

80 

40 

31 

3-12 

4-7,5 

150 

30 

80.40.35 

0 

127 

63.5 

3.4 

6 

50 

782 

longer  downslroani  duct  lengths,  the  strength  and  frequency  ot  the  oscillations  were  nearly  the  same  lor  eccentric  and 
anisymmetric  geometries.  The  differences  at  shorter  downstream  duct  lengths  are  probably  due  to  Inadequate  confinement  of  the 
flame  In  the  duct  with  a  large  ercanlN'iy, 

Triangular  downst>«em  duet  with  round  upstream  duet 

Measurements  wow  obtained  with  a  duet  ot  equilateral  triangular  etOH-scetton  of  t  to  mm  sides  (equivalent  diameter  B  * 
St  mm)  and  three  values  ot  diameter  123  nun.  40  mm  and  St  mm)  ter  ths  tout'd  upstream  duct.  The  downstream  duct  length  was 
varied  between  4.s  D  and  1 1  0  with  the  evil  uncon  sir  leted  and  the  upstream  length  between  4  D  and  T.8  0.  Rough  combustion  was 
associated  wilh  the  quartw  wave  frequency  ot  the  downstream  duct  and  the  respective  inttuence*  ot  upstream  and  downstream  duet 
lengths  was  simitar  to  those  shown  in  Figure  2,  The  inttuence  cl  dome  plane  area  ratio  on  radiated  sound  intensity  and  dominant 
frequency  is  shown  In  Figure  3  tor  the  triangular  duet  along  wilh  that  te»  dm  80  mm  round  dust  ot  reference  (0),  n  appear*  that, 
ter  dump  plane  area  ratios  greater  than  2.$.  the  inttuence  ot  dump  plane  area  ratio  and  downstream  duct  length  on  the  strength  and 
ftaqueney  ot  os«itlat>on*  i*  fat  greater  than  that  of  the  cress- saciteaai  term  ot  the  duet  Discrete  frequencies  In  smooth  combustion 
were  simitar  to  those  in  round  ducts  and  associated  with  tengitursnal  quarter-wave  frequencies  and  tew  amplitudes 

Triangular  upstream  duel  with  round  downstream  duet 

Teste  were  carded  out  with  equfaterai  twwgutar  upstream  ducts  of  3t  mm  and  at  mm  sides  (equivalent  tssoetets  33  mm 
and  30  mm.  Ktpeciwely)  and  round  downstream,  rheas  ot  St  mm  and  SO  mm  diameter  wen  an  oneonsmetad  ««t.  The  dominant 
frequencies  to  smooth  and  rough  eambuittoa  and  the  mlteence  of  the  upstream  and  downstream  duct  teogtos  and  the  dump  piano  area 
ratio  on  combustion  taodason*  were,  agaoq  scalar  to  thou  for  too  aafeymmel no  gaomemes  ot  teterence  |i( 

Ooematreom  duets  with  •  constricted  e«tt 

Combusson  was  smoato  toraughsui  m  ttammabHy  range  w  toe  10  mm  coMbuStot  ot  iterance  |*|  wwt  a  mean  veteofy 
ot  34  ms  (M  *  O  il  to  toe  40  mm  upstream  thief  and  esa  norites  at  40  tm  and  $3  mm  toameter.  The  upseeam  vefecsty  was 
toireased  w  100  ms  (U  *  03)  «  rater*.-**  |«P)  and  rough  eowbuitten  was  observed  cat  tn  am#*  sea  town  40  mm,  but 
associated  w*  to*  to*  mode  hequensy  ot  to*  combustor  and  wo  nartow  ranges  ot  tqufcetenc*  rata  ndjasmNi  toelammab*# 
temts.  Rough  cowtuaan  associated  wan  we  wgher.  sangmidtoai  '(fcatowau*)  ttiteeeaey  occurs  wnw  a  range  ot  tr*qo*r*»» 
which  d  depend***  ipan  to*  upseeaw  remedy  and  was  itw  eborved  because  tot  tmtowwa  frequences  oi  toa  oowntwamnutte  at 
tetetencas  tt) »« l<0  warn  wgtwr  wan  to*  wquency  values  associated  mat  to*  tosiae>%.  Smouto  oamPustan.  .however,  was 
assooato  w*a  w*  tw*  wed*  ana  tengsuetear  frequences,  The  aceusac  tngtoncy  was  augmented  when  i  was  ncar%  toe  tarn*  si 
toe  gadding  Mahay  ot  tot  jet  carmponatog  to  a  Swmftai  nasaer  at  around  OA  ten  dawn  meg  u>  a  wgratanr  aueasa  m 
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Tests  were  carried  out  with  the  three  asymmetric  geometries  A,  B  and  C  with  exit  nozzles  and  the  results  were  similar  to 
those  of  references  [9]  and  (10],  with  Increase  In  downstream  length  and  exit  constriction  resulting  In  narrower  ranges  oi 
flammability  and  stable  combustion. 

3.2  Fuel  Injection  Into  a  Triangular  Upstream  Duct 

References  [7]  and  (20-24)  demonstrated  that  large  coherent  structures  exist  in  the  shear  layers  developing  from  the 
sides  of  a  triangular  jet,  while  the  flow  developing  from  the  corners  was  dominated  by  highly  turbulent  small  eddies.  It  was 
therefore  anticipated  that  the  Introduction  of  fuel  Into  the  shear  layer  developing  from  the  sides  would  give  rise  to  periodic  heat 
release  and  favour  combustion  oscillations  and  that  the  Introduction  of  fuel  at  the  corners  ot  the  jet  would  be  less  susceptible  to 
unstable  combustion.  Tests  carried  out  in  a  127  mm  dump  combustor  with  an  exit  nozzle  and  a  triangular  upstream  duct  showed 
that  fuel  injection  at  the  sides  of  the  triangular  duct  was  associated  with  target  amplitudes  of  oscillation  than  with  fuel  injection  at 
the  vertices. 

Figure  4  shows  the  variation  of  the  fluctuating  wall  static  pressure  at  the  dump  plane  with  equivalence  ratio  In  tha  127 
mm  dump  combustor  with  a  76.2  mm  exit  noz2le  (configuration  D)  for  fuel  injection  at  the  vertices,  and  at  the  midpoint  of  the 

121.2  mm  sides  ot  a  triangular  upstream  duct  and  along  the  wall  ot  a  $3.5  mm  round  upstream  duct  with  a  maximum  air  flow  rate 
of  1.8  Kg/s  corresponding  to  a  Reynolds  number  ot  1,000,000.  Rough  combustion  was  observed  with  fuel  Injection  at  the  sides  ot 
the  triangular  duct  and  in  the  round  duct,  and  was  associated  with  the  longitudinal  half-wave  frequency  ot  the  downstream  duct 
length.  With  fuel  Injection  at  the  vertices  oi  the  triangular  duct,  combustion  was  smooth  across  the  measured  range  of  equivalence 
ratios  and  the  amplitude  ot  the  fluctuating  wall  static  pressure  less  than  that  tor  Uie  other  two  methods  ol  tuet  Injection  tor  alt 
equivalence  ratios. 

Measurements  were  carried  out  In  5t  and  80  mm  downstream  ducts  and  with  a  triangular  upstream  duct  ol  31  mm  sides  to 
examine  the  intiuence  ol  the  position  ol  the  fuelling  hole  and  the  direction  ot  tuet  Injection  on  combustion  oscillations  in 
combustors  with  and  without  an  exit  nozzle  and  for  three  methods  ot  fuelling,  namely  at  the  vertices,  at  the  sides  and  at  both  the 
sides  and  the  vortices  of  the  triangular  duct. 

Duets  with  a  constricted  exit 
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radiated  sound  intensity  at  stotcMometfy  and  the  variation  ot  dominant  frequency  with  downstream  length  ot  the  80  mm  duct  with 
an  exit  noiale  ol  35  mm  diameter  and  an  upstream  Reynolds  number  ot  150.000  (M.0.3).  The  figure  allows  comparison  ot 
results  obtained  with  premixed  Hows  and  lor  the  three  met! ods  ol  fuel  injection,  with  the  fuel  injected  normal  lo  the  Now  direction 
through  5.5  mm  fuelling  holes  located  100  mm  upstream  ot  the  dump  plane.  Rough  combustion  was  observed  with  at  lour  methods 
ot  fuelling  and  was  associated  with  the  bulk  mode  frequency.  Fuel  Injection  at  the  sides  ol  the  triangular  duct  made  the  combustor 
more  prone  to  rough  combustion  and  Injection  at  the  vertices  limited  the  rough  combustion  to  equivalence  ratios  close  to  the  rich 
extinction  limit.  These  bulk  mode  oscillations  relate  to  the  Instability  ol  the  flame  near  extinction  and  are  favoured  by  an  Increase 
in  exit  constriction  and  an  Increase  In  downstream  duct  length.  The  lean  flammability  limit  tor  fuel  injection  at  the  vertices  is 
0.4  compared  with  at  least  0.6  tor  the  other  methods  ot  fuel  injection  and  the  rich  flammability  limit  is  greater  than  t. 3  tor  ail 
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four  methods  of  fuelling  and  shod  downstream  duct  lengths,  but  decreases  to  t.l  tor  a  dyct  length  of  10  0  with  fuei  injection  si  the 
sides. 

Osculations  associated  with  bus  mode  and  tongituifinai  frequencies  were  observed  tn  smooth  combustion  with  all  four 
methods  of  fuelling  and  osculations  associated  with  the  acoustic  frequencies  were  augmented  when  the  acoustic  frequency  was 
nearly  the  some  as  the  shedding  frequency,  corresponding  to  u  Strouhai  number  of  around  0.3.  The  amplitude  of  the  oscillations 
was  about  25%  less  lor  tool  injection  at  the  vertices  than  (or  other  metltods  of  tueiUng. 

The  lower  ftnmmabiiiiy  limit  obtained  with  fuel  InjecUon  at  the  vertices  suggested  a  region  downstream  of  the  dump  plane 
with  small  scale  mixing  amt  a  locally  high  equivalence  raid.  To  examine  the  mixing  further,  radial  temperature  profiles  were 
measured  at  the  exit  plane  with  an  unconstbcted  downstream  dud  length  of  5  D.  which  corresponds  to  the  longest  downstream  duct 
length  tor  which  smooth  combustion  was  possible  at  the  same  equivalence  ratio  lot  diitarotu  methods  ol  fuelling.  Figure  6  shows 
temperature  profiles,  without  correction  tor  convection  gr  radiation  tosses,  for  the  first  three  methods  ol  tootling  lor  an 
equivalence  ratio  of  0.72  and  an  upstream  Reynolds  number  of  150.000  JhtoO.3).  They  confirm  poorer  local  mixing  tot  tool 
InjecUon  a;  me  vertices  allhough  the  measurements  cl  unbuinl  hydrocarbon  auha  exit  plane  revealed  ditMences  ol  me  order  ol 
0.1%. 

Fuel  mieetton  at  the  sides  ol  the  triangular  dud  leads  to  greater  heat  release  In  the  part  ol  the  tlow  associated  wilh  large 
coherent  structures  than  with  premixed  (tames  and  the  (tame  was  more  susceptible  to  rough  combustion,  while  fuel  injected  at  the 
vertices  entered  the  pari  ol  tha  tew  wfrteh  was  free  item  large  coherent  structuies  and  was.  therefore,  less  prone  to  rough 
combustion.  The  influence  of  sir-fuel  mixing  on  llama  stability  was  examined  for  injection  at  the  vertices  in  ducts  with  a 
constricted  exit,  by  varying  the  fuelling  location  and  the  ejection  uctoc*y-  injecting  foot  50  mm  upstream  «t  the  dump  plane 
instead  ol  100  mm  had  no  effect  on  the  Hammabitity  and  stability  limits  Hawing  the  injection  velocity  by  injecting  through  twg 
sets  et  holes  tecatei  75-  .mm  and  tOO  mm  upstream  ol  the  dump  plane,  again,  made  no  dtfomnee  to  the  temo  behaviour.  These 
results  were  expected  since  the  bulk  as  velocity  way.  too  nus  and  the  mean  fuei  Jet  ye'ssttiey  ranged  from  $  nvx  near  lean 
extinction  to  (2  mis  at  afoi«t\fometry  for  injection  through  two  sets  ef  holes:  the  eonespornting  rngmenium  incus  were 
vuneependagty  larger.  When  the  inject  ton  vetociiy  was  increased  by  a  (actor  of  135,  By  reducing  (he  dartwtoi  ol  me  he!*}  to 
1.5  mot,  the  lean  stability  limit  increased  from  0.4  to  0,44,  and  rough  egmbtsttofi  near  ih»  non  extinction  test  was  observed 
over  a  ssghtsy  wafer  tangs  al  equivalence  rate*.  for  example.  Between  t.g  and  i  '4  compared  waft  between  » 25  a«8  *  3  far  a 
dawnstream  aegta  al  r  ft  ana  g?  axis  agntg  of  t&asteuw  <Mt|  ft.  Tfee  sjeepr  •  peppstav^t  «$  6>§  font  jat  ut*  iw,  mass  sow  « sgitea 
in  wester  foas  «aa«a«$ea  near  the  vertex,  foadtoq  »  a  Ngne*  test*  5 K&fef  ass,  and  an  useieaae  *  gremuaa  e»  s»  3*9  ten 
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leaditg  to  grtatct  su&ceptibiUty  to  tough  combustion. 

injection  ol  *uei  at  the  vertices  of  (he  triangular  duct  and  just  upstream  ot  the  dump  plane  at  a  narrow  angle  to  the  duct  axis 
ensured  that  there  was1  little  entrainment  ol  fuel  into  (tie  part  ot  the  Sow  associated  with  large  coherent  structures  and  the  flame 
was.  as  a  result,  less  susceptible  to  rough  combustion  than  with  injection  normal  to  the  axis  ot  the  duct.  Figure  7  shows  the 
Itammabiiity  and  stability  limits  tor  the  80  mm  duct  with  an  exit  nozzle  ot  35  mm  diameter  with  downstream  duct  length  as 
variable  lor  fuM  injection  at  the  vertices  and  at  me  sides  of  the  triangular  opening  in  the  dump  plane:  other  Row  conditions  aro  as 
lor  Figure  5.  The  stability  characteristics  are  similar  to  thosa  In  Figure  S  except  that  rough  combustion  is  observed  with 
downstream  lengths  greater  than  7  0  tor  tut)  injection  at  the  vertices,  compared  with  8  0  in  Figure  5  and,  as  expected,  is 
associated  with  a  narrower  range  ot  equivalence  ratios. 


Figure  ii.  Te»(K«a!u»e  ansSe?  at  e*4  pfa 

Geometry  C>.  b  *  it  m*  td  *  w«t.  0  *  80  m».  *  *  ».#Q,  t,»SO.  0^*0.  R«  *  159,000, »  *  Wi. 
daaetwp  at  x3  ■  wteasas  at  sided.  Q  -  premued. 
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Arrangement  of  fuel  Injection  at  the  dump  plane  Is  not  always  possible  or  desirable  and  fuelling  ai  a  location  upstream  of  the 
dump  plane  and  in  the  direction  of  fhe  air  flow  wns  examined  with  the  distance  of  the  fuelling  hole  from  the  wall  as  variable, 
f-'igure  8  shows  the  flammability  and  slahility  limits  for  an  80  mm  downstream  duct  of  length  7  D  w:lh  an  exit  nozzle  of  35  mm 
diameter  arid  wilh  fuel  injected  near  the  vertex  of  the  triangular  duct  and  SOmm  from  the  dump  plane,  other  flow  conditions  are  as 
for  Figure  5.  The  best  fuelling  location  appears  to  be  between  0.3  and  0.5  of  the  distance  between  the  vertex  of  the  triangle  and  its 
centroid.  Susceptibility  to  rough  combustion  with  fuelling  near  the  a  rts  of  the  duct  was  anticipated  and  that  wilh  Injection  very 
close  to  the  wall  appears  to  be  due  to  the  impingement  of  the  fuel  jet  on  the  walls  adjoining  the  vertex  and  the  lateral  spread  of  the 
flow  leading  to  entrainment  of  fuel  into  the  shear  layer  emerging  from  the  sides  of  the  triangular  jet.  The  ideal  fuelling  location 
for  any  given  geometry  will,  of  course,  depend  on  the  dimensions  of  the  fuelling  tube  and  its  distance  Irorr,  the  dump  plane. 

Figure  9  shows  the  flammability  and  stability  limits  for  an  80  mm  duct  with  a  35  mm  exit  nozzle  wilh  fuel  injected  in  the 
direction  of  air  How,  7  mm  from  Ihe  vertices  and  at  a  distance  of  3  mm  from  the  sides  ol  the  triangular  duct:  other  How  conditions 
are  as  for  Figure  5.  The  results  are  similar  to  those  in  Figure  7  and  confirm  that  minimising  fuel  entrainment  into  the  shear 
layer  developing  from  the  side  of  the  triangular  jet  makes  the  combustor  less  susceptible  to  unstable  combustion.  Figure  10 
shows  the  variation  of  the  rms  wall  static  pressure.  SO  mm  upstream  of  Ihe  dump  plane  with  equivalence  ratio,  (or  a  duct  length  ol 
6  D  end  for  the  two  methods  of  fuelling  and  flow  conditions  of  Figure  9.  In  smooth  combustion,  the  fluctuating  pressure  tor  tuel 


Figure  8.  Variation  ol  flammability  and  stability  limits  with  position  ol  fuelling  hole. 

Geometry  C3,  b  =  31  ram  (d»  23  mm),  O  •  80  mm,  X  .  7.5  D,  Cc  -  35  mm,  L  =  7  D,  Re  =  150,000. 


Figure  9.  Flammability  and  stability  limits,  and  radialsd  sound  Intensity  al  stoichiometry  and  dominant  frequency. 
Geometry  C3,  b  »  31  mm  (d  «  23  mm),  D '»  80  mm,  X  •  7.5  D,  Dg  »  35  mm,  Re  •  150,000, 

F2  -  Injection  al  7  mm  from  vertices;  F3  ■  Injecllon  at  3  mm  Irom  side 
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Injection  near  the  sides  Is  about  30%  higher  than  tor  fuel  injection  near  the  vertices  and  rough  combustion  gives  rise  to  pressure 
fluctuations  at  least  threo  times  greater  than  In  smooth  combustion.  These  results  are  similar  to  those  of  Figure  4  although  the 
stability  limits  and  the  nature  of  the  instabilities  are  not  the  same  for  the  respective  flows.  The  results  clearly  demonstrate  that, 
although  Injection  of  fuel  at  the  vertices  cannot  eliminate  rough  combustion  In  long  ducts  with  a  constricted  exit,  the  ttame  Is  less 
susceptible  to  rough  combustion,  the  flammability  and  stability  ranges  are  wider,  arid  the  pressure  fluctuations  smaller  than  with 
other  methods  of  fuelling. 


Ducts  with  an  unconstricted  exit 


Figure  1 1  shows  the  variation  of  lean  flammability  and  stability  limits,  radiated  sound  Intensity  at  stoichiometry  and  the  dominant 
frequency  with  downstream  duct  length  for  the  80  mm  duct  with  an  unconstricted  exit  and  an  upstream  Reynolds  number  of 
150,000  (M-0.3).  With  fuel  Injected  30  mm  upstream  of  the  dump  plane  and  along  the  duct  axis  7  mm  Irom  each  of  the  vertices, 
the  minimum  duct  length  for  which  rough  combustion  was  observed  was  8  D  compared  with  5  D  for  other  methods  of  fuelling  and 


Figure  lo.  Variation  ol  fluctuating  wall  static  pressure  50  mm  upstream  of  dump  plane  with  equivalence  ratio. 

Geometry  C3,  b  =  31  mm,  (d  -  23  mm),  D  «  80  mm,  X  «  7.5  D.Dg  -  35  mm,  L  >  7  D,  Re  -  150,000. 
&  -  Injection  at  7  mm  from  vertices,  V  ■  Injection  at  3  mm  Item  sides. 


Flguro  1 1 .  Flammability  and  stability  limits,  and  radlafod  sound  Intensity  at  stolchlomoiry  and  dominant  frequency. 
Geometry  C3,  b  -  31  mm  (d  »  25  mm),  D  •  80  mm,  X  -  7.6  D,  Dg  -  80  mm,  Re  »  150,000. 

Ft  -  premixed  flame;  F2  ■  Injection  at  7  mm  Irom  vertices;  F3  •  Injection  at  3  mm  from  sldos. 
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tha  radiated  sound  Intensity  for  rough  combustion  at  stoichiometry  was,  on  average,  3  dB  less  than  that  for  premixed  flames  and  4 
dB  less  than  that  with  the  fuel  Injected  at  the  sides.  The  discrete  frequencies  observed  In  smooth  combustion  were  small  In 
amplitude  and  were  associated  mainly  with  the  quarter-wave  frequency  of  the  downstream  duct  length. 

Figure  1 1  also  shows  differences  In  flammability  and  stability  limits  for  the  different  methods  of  fuelling.  With  Injection 
at  the  vertices,  the  lean  flammability  limit  is  around  0.4  and  the  stability  limit  approaches  0.6  as  the  duct  length  Is  increased 
beyond  8  0.  For  premixed  flames,  the  flammability  and  stability  limits  are  around  0.6  and  0.8,  respectively;  tor  duets  longer 
than  8  D,  and  with  fuel  injected  at  the  sides,  the  flammability  limit  incrases  from  0.6  to  0.7  and  smooth  combustion  Is  not  possible 
for  lengths  greater  than  8  D. 

Fuel  injection  at  the  sides,  as  in  ducts  with  a  constricted  exit,  makes  the  flame  more  susceptible  to  rough  combustion  than 
with  premixed  flows  and  fuel  injection  at  the  vertices  makes  the  flame  less  susceptible.  With  increased  confinement,  however, 
combustion  instability  Is  triggered  and  the  incoherent  flow  structure  along  the  line  of  the  vertex  Is  no  longer  preserved  so  that 
strong  oscillations  are  sustained  by  periodic  heat  relaese.  It  Is  significant,  however,  that  fuel  injection  at  the  vertices  enables 
smooth  combustion  over  a  wider  range  of  equivalence  ratios  than  with  other  methods  of  fuelling. 


4 .  CONCLUSIONS 

( t )  Fuel  injection  into  the  Incoherent  flow  region  at  the  vertices  of  a  triangular  upstream  duct  resulted  in  a  lower  value  for  the 
lean  stability  limit  than  fuel  injection  at  the  sides  of  the  triangular  duct  for  combustors  with  and  without  an  exit  nozzle  and 
in  a  higher  value  for  the  rich  stability  limit  for  long  downstream  duct  lengths.  Fuel  injection  at  the  vertices  was  also 
associated  with  a  wider  range  of  stability  and  a  lower  Intensity  of  radiated  sound,  and  rough  combustion  In  combustors  with 
a  constricted  exit  was  limited  to  a  small  range  of  equivalence  ratios  close  to  the  rich  stability  limit. 

( 2 )  The  use  of  promixed  fuel  and  air  was  associated  with  wider  ranges  of  flammability  and  stability  than  those  for  fuel  Injection 
at  the  sides  of  a  triangular  upstream  duct  but  narrower  than  those  for  injection  at  the  vertices. 

(3)  Flammability  and  stability  characteristics  for  eccentric  premlxed  dump  combustors  with  an  unconslrlcted  exit 
and  a  dump  plane  area  ratio  of  2.5  are  simitar  to  those  lor  axlsymmetrlc  combustors.  Tho  eltect  of  eccentricity  was 
important  only  for  large  values  of  eccentricity  which  led  to  a  10%  reduction  of  the  range  of  flammability.  Rough 
combustion  In  the  non-axlsymmetrlc  geometries  was  associated  with  the  quarter-wave  frequency  of  the  duct  downstream  of 
the  dump  plane  and.  as  In  axlsymmeirlc  combustors,  the  dominant  frequency  decreased  slightly  with  a  decrease  In  dump 
plane  area  ratio. 

( 4 )  Rough  combustion  was  not  observed  for  downstream  duct  lengths  of  up  to  12  D  when  the  exit  was  constrlctod  by  nozzles  with 
diameter  In  the  range  between  0.7  and  0.8  D.  Rough  combustion  was  observed  with  exit  nozzle  diameters  In  the  range 
between  0.45  and  0.75  D  and  was  associated  with  two  ranges  of  equivalence  ratio  adjoining  the  flammability  limits  and  tho 
bulk  mode  frequency  of  the  combustor, 

( 5 )  Oscillations  associated  with  the  bulk  mode  and  the  longitudinal  (half-wave)  Irequoncy  wero  observed  in  smooth  combusllon 
In  ducts  with  an  exit  nozzle  and  were  augmented  when  the  acoustic  frequency  was  closo  to  the  vortex  shoddlng  frequency. 
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SUMMARY 

A  potentially  important  source  of  large  pressure  oscillations  in  combustors  is  an  instability  induced  by  the  interactions  between 
large-scale  vortex  clrnctures,  acoustic  waves,  and  chemical  energy  release.  To  study  these  interactions,  we  have  performed  time- 
dependent,  compressible  numerical  simulations  of  the  How  field  in  an  idealized  ramjet  consisting  of  an  axisymmetric  inlet  and  combustor 
and  a  choked  nozzle.  These  simulations  have  allowed  us  to  isolate  the  interactions  between  acoustic  waves  and  large-scale  vortex 
structures  and  then  to  study  the  effects  of  energy  release  on  the  flow  field.  A  number  of  parameters  such  as  inflow  Mach  number,  inlet 
and  combustor  acoustics  and  energy  release  rates  have  been  systematically  varied  in  the  simulations.  A  summary  of  the  observations 
from  these  various  simulations  are  presented  in  this  paper. 

The  nonreactive  flow  calculations  show  complex  interactions  among  the  natural  instability  frequency  of  the  shear  layer  at  the  inlet- 
combustor  junction  and  the  acoustics  of  both  the  inlet  and  the  combustor.  Vortex  shedding  usually  occurs  at  the  natural  instability 
frequency  of  tho  initially  laminar  shear  layer  but  vortex  mergings  are  affected  by  the  acoustic  frequencies  of  the  ramjet.  When  the 
frequency  of  the  first  longitudinal  acoustic  mode  of  the  combustor  is  near  the  natural  instability  frequency  of  the  shear  layer,  then 
vortex  shedding  is  observed  at  the  acoustic  frequency.  In  many  cases  the  entire  flow  oscillates  at  a  low  frequency  which  corresponds  to 
that  of  a  quarter-wave  mode  in  the  inlet.  In  these  cases,  the  vortex-merging  patterns  in  tho  combustor  can  bo  explained  on  the  basis 
of  an  interaction  between  tho  acoustics  of  tho  inlet  and  the  combustor. 

For  the  particular  reactive  flow  case  discussed  in  detail  in  this  paper,  energy  release  alters  the  flow  field  substantially.  In  the  first 
cycle  after  ignition,  fluid  expansion  due  to  enorgy  release  quickly  destroys  the  pattern  of  vortex  mergings  observed  in  the  cold  flow 
ami  a  new  pattern  emerges  that  is  dominated  by  a  largo  vortex.  In  subsequent  cycles,  most  of  the  energy  release  occurs  after  vortex 
mergings  have  produced  this  large  vortex.  Energy  release  in  this  large  vortex  is  in  phase  with  the  pressure  oscillation  over  a  substantial 
region  of  the  combustor.  T  his  results  in  the  obs^vod  amplification  of  the  low-frequency  oscillations  and  leads  to  combustion  instability, 

IN  IRODUUTION 

In  this  paper  we  summarize  our  work  to  date  on  the  acoustic- vortex-chemical  interactions  in  an  idealized  ramjet  consisting  of  an 
axisymmetric  inlet  and  combustor  and  a  choked  nozzle.  High-speed  flows  separate  at  the  inlet-combustor  junction  and  the  separated 
shear  layer  is  usually  turhulent.  Such  transitional  shear  layers  are  characterized  by  large-scale  vortical  structures.  The  interactions 
among  theso  vortical  structures  can  generate  acoustic  waves,  Furthermore*,  the  interactions  themselves  can  be  airectcd  by  the  acoustic 
waves  in  tho  system.  Energy  release  tan  havo  a  substantial  influence  on  the  acoustic- vortex  interactions  by  modifying  hoth  the  acoustic 
waves  and  the  flow  field  in  tho  system,  The  nonlinear  interactions  among  arouxtic  waves,  large-scale  vortex  structures  and  chemical 
energy  release  affects  tho  efficient  operation  of  the  system  and  may  ovon  tenult  iu  combustion  instability.  To  study  these  interactions  we 
are  performing  two-dimensional,  axisymmetric  uumorlcal  simulations.  These  simulations  all-  us  to  isolate  the  iuteuctious  between 
acoustic  waves  and  large-scale  vortex  structures  and  thou  to  study  the  effects  of  energy  rob  a*  on  ’h«  flow  field. 

In  recent  years,  numerical  simulations  have  been  used  to  study  the  flow  field  in  both  ax  Hric  center budy  |1)  and  dump 
combustors  j*M|.  In  the  numerical  study  of  a  dump-combustor  flow  field  [2),  there  wux  fair  agreenu  veen  the  computed  quantities 
such  as  mean  axial  velocity  profiles  and  experimental  data.  However,  these  compulation*  predicted  a  steady  solution  with  a  large 
rt-cirr illation  zone.  Simulations  of  a  eeuterbody  combustor  |l]  showed  an  oscillating  flow  field  with  periodic  vortex  shedding.  Neither  of 
these  si  inflations  considered  the  effects  of  un  exit  nozzie  or  acoustic  waves  on  the  flow  field  in  the  -rombustor-  More  recent  simulations 
have  considered  the  effects  of  exit  nozzles  ami  the  acoustics  of  the  inlet  and  combustor 

Our  work  can  be  broadly  divided  Into  three  categories.  In  the  first,  the  effects  of  varying  the  acoustics  while  keepiug  the  flow 
parameters  fixed  (Inflow  velocity  of  fill  nt/tt)  was  Investigated  (3,5,fi|.  The  ncoustics  of  the  ramjet  was  varied  by  separately  varying 
the  length  of  tho  Inlet  and  the  combustor  (fij.  These  simulations  Indicate  a  stroug  coupling  between  tin*  acoustics  of  the  ramjet,  both 
the  inlet  and  tho  combustor,  and  the  flow  field,  lit  all  cases,  a  low  frequency  oscillation  Is  observed,  Pressure  oscillations  in  the  inlet 
Indicates  that  tho  quarter*wave  acoustic  mode  of  the  inlet  Is  the  origin  of  this  low  frequency.  Changing  the  length  of  tho  inlet  or  the 
sonic,  velocity  in  the  inlet  appropriately  changes  the  observed  low  frequency.  Simulations  also  show  that  acoustic  forcing  at  the  first 
longitudlunl  acoustic  mode  of  the  combustor  Induces  vortex- rollup  uear  the  entrance  to  the  combustor  at  llm  forcing  frequency  when 
the  forcing  frequency  is  close  to  the  natural  shedding  frequency  «f  the  shear  layer.  It  was  also  found  that  the  merging  pattern  of  the 
vortices  in  (he  combustor  U  Influenced  by  the  length  of  the  combustor,  These  merging  patterns  have  been  explained  on  the  basis  of 
an  Interaction  between  tho  vortex- rollup  frequency  and  frequency  of  the  quarter-wave  mode  in  the  Inlet  |U|, 

In  the  second  set  of  simulations,  the  effects  of  varying  the  flow  parameters  on  vortex  shedding  and  merging  has  been  studied  (*  |. 
When  the  flow  velocity  U  increased,  the  natural  Instability  frequencies  of  the  shear  layer  also  Increases  while  tho  acoustic  frequencies 
remain  essentially  the  same.  Vortex  shedding  Mid  initial  vortex- mergings  occur  at  the  natural  shear  layer  Instability  frequency  mid 
Us  subharmonics  If  these  frequencies  are  significantly  tHIferonl  from  the  dominant  acoustic  frequencies  of  the  system.  Subsequent 
vortex- mergings  are  Influenced  by  the  longitudinal  acoustic* modi-  frequencies.  The  presence  of  many  significant  frequencies  results  in 
less  organized  and  more  complox  merging  patterns.  We  have  Identified  a  number  of  different  interactions  of  acoustic  modes  with  the 
vortex  mergings  which  explain  these  complox  merging  patlorns,  These  Interactions  can  be  used  as  a  means  of  controlling  the  formation 
of  targe  scale  structures  by  Inducing  many  possibio  less  woll  organized  coherent  structures. 

Finally*  the  effects  of  chemical  reactions  on  the  flow  field  was  Investigated  (8).  The  first  case  studied  was  that  of  a  pro- mixed, 
lean  hydrogen-oxygen-nltrogen  mixture  flowing  Into  the  combustor  at  200  m/s.  In  this  case,  energy  release  a  Urn  the  How  field  in  the 
combustor  substantially,  Energy  releaso  quickly  destroys  the  pattern  of  vortex  mergings  observed  In  the  cold  flow  and  a  new  pattern 
emerges  that  is  dominated  by  a  large  vortex.  However,  the  low  frequency  oscillation  observed  In  the  cold  flow  persists  and  Its  amplitude 
increases  substantially  when  there  Is  energy  release.  In  tho  simulations  Investigated  so  far  this  mode  has  again  been  Identified  with 
the  quarter  wave  m*wlc  of  the  Inlet,  Tho  coupling  between  the  enorgy  releaso  and  tho  prossure  fluctuations  In  tho  combustor  has  been 
studied  in  detail.  Euorgy  release  is  in  phase  with  the  pressure  oscillations  over  a  substantial  portion  of  the  combustor  and  this  results 
In  amplification  of  tho  pressure  fluctuations  ami  eventually  leads  to  combustion  instability.  There  are  regions  In  the  combustor  where 
tho  oscillations  are  damped.  This  suggests  that  combustion  Instability  may  bo  controllable  by  increasing  tho  regions  where  the  energy 
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release  and  pressure  are  out  of  phase.  Several  approaches  to  controlling  the  combustion  instability  as  well  as  additional  parametric 
studies  of  the  effects  of  chemistry  are  currently  being  persued. 

In  this  paper,  we  first  briefly  discuss  the  numerical  model  and  then  present  examples  from  the  three  categories  of  simulations 
discussed  above.  Low-frequency  oscillations  such  as  those  described  here,  which  depend  on  the  acoustics  of  the  inlet  have  been  observed 
In  experiments  in  dump  combustors  with  a  constricted  exit  (9). 

THE  NUMERICAL  MODEL 

The  numerical  model  solves  the  compressible,  time-dependent,  conservation  equations  for  mass,  momentum  and  energy  in  a  two- 
dimensional  axisymmetric  geometry.  The  fluid  dynamics  and  chemistry  terms  in  the  conservation  equations  are  solved  separately  and 
coupled  using  timcstep  splitting  [10],  The  algorithm  used  for  fluid  dynamic  convection  is  Flux-Corrected  Transport  (FCT)  (11),  a 
conservative,  monotonic  algorithm  with  fourth-order  phase  accuracy.  FCT  algorithms  can  be  constructed  as  a  weighted  average  of  a 
iow-ordor  and  a  high-order  finite-difference  scheme.  During  a  convective  transport  timcstep,  FCT  first  modifies  the  linear  properties 
of  the  high-order  algorithm  by  adding  diffusion.  This  prevents  dispersive  ripples  from  arising  and  ensures  that  all  conserved  quantities 
remain  monotonic  and  positive.  Then  FCT  subtracts  out  the  added  diffusion  In  regions  away  from  discontinuities.  Thus  it  maintains 
a  high  order  of  accuracy  while  enforcing  positivity  and  monotonicity.  With  various  initial  and  boundary  conditions,  this  algorithm 
has  been  used  previously  to  solve  a  wide  variety  of  problems  in  both  supersonic  reacting  Sows  (12- Id)  and  subsonic  turbulent  shear 
flows  (5,15,16). 

Tho  calculations  presented  below  are  inviscld,  that  Is,  no  explicit  term  representing  physical  viscosity  has  been  Included  in  the 
model.  Also,  no  artificial  viscosity  is  needed  to  stabilize  the  algorithm.  There  Is  a  residual  numerical  diffusion  present  which  effectively 
behaves  liko  a  viscosity  term  for  short-wavelength  modes  on  the  order  of  the  zone  size-  Unlike  most  numerical  methods,  however, 
the  damping  of  the  short-wavelength  modes  Is  nonlinear.  Thus  the  effects  of  this  residual  viscosity  diminish  very  quickly  for  the  long 
wavelength  modes.  In  the  problem  considered  in  this  paper,  we  are  primarily  Interested  in  the  interaction  of  the  acoustic  modes  with 
large-scale  vortex  structures,  which  is  essentially  an  Inviscld  interaction. 

Tho  large  number  of  species  and  reactions  involved  make  It  computationally  impractical  to  include  a  detailed  chemical  reaction 
rate  schomo  in  a  complex  multidimensional  fiuld  dynamic  problem  such  as  the  oqe  discussed  here.  A  detailed  reaction  rate  scheme  even 
for  a  ‘simple’  fuel  such  as  hydrogen  in  air  involves  9  species  and  about  50  reactions  (IT).  Therefore  we  have  modelled  tho  combustion 
of  premixed  hydrogen-air  mixture  using  a  simplified  two-stop  parametric  model.  The  first  step  is  an  Induction  step  during  which  there 
is  no  energy  release.  The  second  stop  models  the  energy  release  process  and  starts  only  after  the  induction  time  has  elapsod.  During 
the  luductlon  slop,  the  reactions  taking  place  are  modelled  by' 

/lie/  +  atidiier  +  diluents  *-*  radicals  ( i) 

and  during  the  energy  release  stop, 

* 

/net  +  ozirliser  +  radicals  +  diluents  *»  products.  (3) 

In  an  netual  combustion  system  both  steps  occur  simultaneously  after  the  first  step  has  been  initiated.  However,  during  the 
induction  step,  the  change  In  the  concentrations  and  the  amount  of  energy  released  are  email  enough  that  they  can  be  neglected  In  a 
simplified  model.  Thus  the  temperature  and  pressure  may  be  assumed  to  be  cunslant  during  the  Induction  period.  This  simplification 
enables  us  to  use  the  chemical  Induction  time  data  which  are  usually  available  at  conatant  temperatures  and  pressures  fur  mixtures 
of  specified  stoichiometry.  The  Induction  time  data  may  be  obtained  from  experiments  or  from  calculations  using  detailed  elementary 
reaction  meclinntsmsJlT).  We  have  used  a  table  of  Induction  times  which  were  obtnined  by  integrating  a  detailed  set  of  reaction  rales. 
These  induction  times  have  been  compared  to  experimental  data  where  available  and  found  to  be  in  good  agreement  (IT).  Currently, 
the  energy  releasing  reactions  are  assumed  to  take  place  at  a  constant  rate,  The  emphasis  in  this  paper  Is  on  the  qualitative  effects 
of  cuergy  release  on  the  How  field  and  the  coupling  between  the  energy  released  aad  the  pressure  field  In  the  combustor.  Future 
calculations  will  Include  varying  the  energy  release  times  and  the  amount  of  energy  release  to  gain  a  qualitative  understanding  of  the 
efforts  of  these  parameters  on  the  How  field  In  the  combustor. 


A  schematic  of  the  Idealized  central-dump  combustor  used  in  the  simulations  is  shown  In  Fig.  1.  A  cylindrical  Jet  with  a  prescribed 
mean  velocity  (50  20(1  m/s  for  the  simulation*  dest  ihed  here)  flow*  through  an  Inlet  o(  diameter,  1)  Into  a  cylindrical  combustion  chamber 
(dump  combustor)  of  larger  diameter.  The  dump  eombuilnr  acts  as  an  ucoustie  cavity  amt  its  length  has  been  varied  to  change  the 
frequency  of  the  first  longitudinal  mude,  An  annular  exit  nozzle  at  the  end  of  the  chamber  Is  modelled  to  produce  choked  flow. 

The  Initial  thrust  of  the  modelling  was  to  develop  appropriate  Inflow  and  outflow  boundary  conditions  jfl,  18],  The  choked  outflow 
conditions  force  tho  iluw  to  become  sonle  at  the  throat  of  the  exit  nozzle.  At  solid  walls  the  normal  flux  is  set  to  zero  and  the  pressure 
Is  extrapolated  to  the  normal  stagnation  condition.  At  the  Inflow,  the  pressure  is  allowed  to  fluctuate,  but  the  mass  How  rate  and  the 
Inflow  velocity  ate  specified.  These  conditions  allow  the  acoustic  waves  to  reRect  without  amplification  or  damping  at  the  Inflow,  These 
Inflow  boundary  conditions  could  be  modified  to  partially  damp  the  acoustic  waves  originating  downstream.  More  detailed  discussions 
and  tests  of  the  boundary  conditions  have  been  presented  in  earlier  pipers  |5, 18). 

The  computational  cell  spacing  was  held  fixed  In  time.  Fine  zone*  were  used  near  the  entrance  to  the  combustor  (the  dump  plane) 
In  both  the  radial  and  axial  directions,  lu  both  directions  the  cell  sixes  gradually  Increased  away  from  she  dump  plane.  The  effects  of 
numerical  resolutloa  were  checked  by  comparing  calculations  with  20x  50,  TO  x  10b  and  80  x  300  edit.  These  grids  were  generated 
by  either  doubling  or  halving  the  cell  size*  used  in  Ihe  40  x  100  cell  calculations.  The  20x  50  grid  was  too  coarse  to  resolve  the  vortex 
shedding  and  merging  resolved  by  Ihe  other  two  grids.  With  the  finer  80x  200  grid,  smaller  structures  and  higher  frequencies  can 
be  resolved  than  with  the  coarser  (40x  100)  grid,  However,  It  was  found  that  Ihe  40  x  100  grid  was  adequate  to  resolve  the  major 
frequencies  and  all  the  large-scale  structures  observed  in  the  raid  flow  (5, 18],  lu  order  to  Improve  the  resolution  of  the  flame  front,  a 
6(1  x  120  grid  Is  used  In  most  of  the  calculations  reported  here.  The  smallest  cell  slse  In  this  grid  In  eomparahln  to  those  In  the  80  x 
200  grid.  The  smal'est  cell  size  In  the  radial  direction  Is  0.0520  cm  snd  in  the  axial  direction  Is  0,2060  cm.  A  typical  tlmeatep  In  Ihe 
reactive  flow  calculations  is  0.144  p*  and  takes  0.25  s  of  CPU  time  on  the  NRL  CHAV  X-MP/24  computer. 

RESULTS  AND  DISCUSSION 

The  numerical  simulations  predict  values  of  the  density,  momentum,  ami  energy  for  each  of  the  computational  cells  as  a  function 
of  time.  F>om  this  Information  we  can  selectively  generate  the  various  physical  diagnostics.  The  analysis  presented  below  uses 
throe  diagnostic,  extensively:  the  local  time-dependent  velocity  and  preuute  fluctuation*  at  various  locations  in  Ihe  flow  field,  Ihe 


Ume-<lep«ndent  energy  release  at  various  stations  in  the  combustor,  and  instantaneous  Sow  visualisation  at  selected  times.  For  Sow 
visualisation,  we  use  streamlines  and  temperature  contours.  Streamlines  of  the  instantaneous  low  field  are  a  useful  visual  diagnostic 
for  studying  the  structure  of  the  Sow.  They  also  allow  correlation  and  tracking  of  tho  coherent  vortex  structures  and  their  merging 
patterns. 

ACOUSTIC-VORTEX  INTERACTIONS 

In  the  cold  tow  calculations  discussed  below,  a  portion  of  the  rear  wall  of  the  dump  combustor  acts  as  an  acoustic  source, 
simulating  a  planar  loudspeaker.  The  forcing  amplitude  is  0,5%  of  the  initial  chamber  pressure  and  the  frequency  is  that  of  the  first 
longitudinal  acoustic  mode  of  the  dump  chamber. 

Case  1:  Basic  Configuration— a  Combustor  of  lensth  5.8  D 

The  physical  dimensions  of  the  inlet  and  combustor  used  in  the  first  set  of  calculations  are  given  in  Fig.  1.  to  addition,  the  exit 
consists  of  an  annular  ring  at  0.64  D  {from  the  axis  of  the  combustor)  with  an  area  of  7.99  cm’.  The  mass  inflow  rate  is  0,38  kg/s  with 
a  mean  velocity  of  50  m/s.  The  Initial  chamber  pressure  Is  186  kPa.  These  conditions  were  chosen  to  match  those  in  tho  experiments 
of  Schndow  et  a).  (19).  in  this  case  the  forcing  frequency  is  450  Ur.  This  corresponds  to  the  first  longitudlual  acoustic  mode  of  the 
combustor  sud  is  also  in  the  range  of  the  most  amplified  frequencies  near  the  dump  plane  (19).  This  case  has  been  discussed  extensively 
in  earlier  papers  (3,5)  and  is  summarised  below. 

Evidence  that  forcing  in  the  range  of  the  locally  most  amplified  frequency  produces  highly  periodic  and  coherent  vortex  structures 
can  be  seen  from  studying  streamlines  describing  the  instantaneous  flowfield.  Figure  2  shows  the  streamlines  within  the  dump  chamber 
at  a  sequence  of  times.  The  various  frames  in  this  figure  are  Instantaneous  “snapshots"  of  the  flowfield  taken  1,093  ms  apart.  This 
corresponds  to  1000  timesteps  la  the  calculation.  In  each  frame,  the  dump  plane  is  at  the  left  and  the  exit  plane  In  at  the  right.  The 
paths  of  the  various  vortices  ate  also  indicated  in  the  figure.  In  the  first  frame  (tlmwtep  31000)  we  see  a  vortex  structure  near  the 
dump  plane.  In  the  second  frame  (timestep  32000),  this  structure  has  grown  and  moved  downstream.  In  the  third  frame  (timestep 
33000),  not  only  has  this  structure  moved  further  downstream,  hut  a  new  structure  has  fortred'near  the  dump  plane.  This  process 
continues  with  a  new  vortex  structure  appearing  near  the  dump  plane  at  intervals  of  2000  timesteps,  at  timesteps  33000, 35000, 37000, 
39000,  41000  and  43000.  This  corresponds  to  a  frequency  of  458  llx,  which  is  close  to  the  forcing  frequency  o(  450  1I».  The  small 
disagreement  of  8  lit  is  an  artifact  of  shewing  the  fiowfield  snapshots  at  intervals  of  1001)  timesteps  rather  than  1017  timesteps. 

Figure  2  also  shows  that  tho  two  structures,  that  were  first  seen  near  the  dump  plane  at  timesteps  3)000  and  33000,  have  merged 
(paired)  at  about  2,4  1)  by  timestep  37000.  As  this  targe,  merged  structure  moves  downstream,  another  vortex,  first  seen  near  the 
dump  plane  at  timestep  34000,  merges  with  it.  This  new  merging  occurs  by  tim«tep  43000  at  ubi-it  4.8  1).  The  structures  which 
appeared  near  the  dump  piuae  at  timesteps  37000  and  39000  merge  together  at  about  2.4  1)  by  timestep  43000.  That  is,  at  either 
2.4  I)  or  4.8  D.  a  merging  is  observed  only  at  about  every  6000  timesteps  which  corresponds  to  a  frequency  of  about  ISO  )l»,  Since 
new  vortices  appear  near  the  dump  plane  every  2000  timestepa,  we  note  that  two  successively  generated  vortices  do  not  always  merge 
with  each  other. 

The  time  evolution  of  the  Uowftetd  described  above  can  be  correlated  with  the  fourler  analysts  of  tbe  pressure  and  velocity 
fluctuations  observed  at  various  axial  locations  in  the  combustor.  In  Fig  3  we  show  the  faurier  analysis  of  the  velocity  fiuctiiatlous  at 
the  six  axial  localions.fM,  t.05,  2.03.  3.03. 4.07  and  5.14  t> ,  All  the  tocallous  are  al  the  level  of  the  step,  a  constant  radial  distance 
of  0.3  1)  from  tire  axis  of  the  combustor.  Al  0.)  0.  the  dominant  frequency  It  450  Hr,  This  Is  at  least  partly  due  to  the  velocity 
tluetiialluus  associated  with  ihe  forcing  frequency  of  450  He,  Some  of  it  may  also  be  due  to  velocity  fluctuations  associated  with  the 
vortex  roll-up  seen  in  Fig.  2.  The  amplitude  al  450  H»  increases  significantly  as  we  go  downstream  to  1.04  I).  This  corresponds  to  the 
passage  frequency  of  Ihe  vortices  first  sceu  near  the  dump  plane.  We  also  see  some  amplitude  al  150  Hi,  The  amplitude  al  140  Its 
Increases  further  h,v  2.03  l>  and  that  at  450  Hr  decteaser.  This  Is  because  of  the  vortex  mergings  which  have  begun  to  oceur,  Hy 
3,03  0,  the  vortex  merging  is  complete  and  Ihe  450  It*  is  no  longer  significant.  TWs  is  consistent  with  Ihe  fiowfield  visualisation  In 
Fig  2  which  shows  vortex  merging*  near  2.4  11  al  a  frequency  of  about  ISO  Hr. 

At  2.03  and  3.03  1),  there  Is  a  new  feature  In  the  spectrum:  there  i>  significant  amplitude  al  300  Ha.  As  discussed  earlier,  two 
successively  generated  vortices  do  not  always  merge  with  each  other  at  2,4  11,  Therefore,  between  2.03  and  3.03 11,  we  see  both  wrelex 
merglugs  and  a  smaller  vortox  passing  by  that  eventually  merges  with  the  larger  one.  This  smaller  vortex  passes  by  once  between 
successive  mergings,  Since  successive  mergings  oceur  with  a  frequency  of  150  Hr,  we  see  velocity  fiucluallpus  at  the  higher  frequency  of 
300  ll».  At  4.07  11,  the  dominant  frequency  Is  150  Hr  rones  ponding  to  the  passage  of  the  vertex  that  was  formed  hy  merging  between 
2,03  and  3.03  I),  At  5.14  11.  the  dominant  frequency  is  150  Ha  because  of  the  merging*  which  take  place  near  4.8  I)  at  that  frequency. 
Furthermore,  we  no  longer  see  a  significant  amplitude  at  300  Its  heeanse  only  one  type  of  large  merger!  vortex  passe*  hy  5.14  II,  The 
fourler  aualysis  of  Ihe  pressure  Uuciuattoo*  eoriol-  irate*  the  observation*  made  based  on  tbe  velocity  fluctuation*  and  tbe  ttuwfield 
visualisation  (3). 

laiw  frequency  Oscillations 

Figure  2  shows  that  the  entire  flow  undergoes  a  complete  cycle  in  approximately  liOOO  timestep*.  Foe  example,  at  timestep*  33,000 
and  39,000  a  large, scale  structure  has  partially  exited  through  the  uraale.  At  these  times,  we  also  see  similar  flow  structures  of  about 
the  same  sines  at  about  the  samo  position*  In  the  chamber.  This  similarity  exists  between  any  two  frames  which  are  6000  timesteps 
apart.  The  frequency  corresponding  to  this  cycle  is  about  ISO  Hr,  This  frequency  Is  one  third  of  the  forcing  frequency  or  the  Hist 
vortex  merging  frequency  neat  the  dump  plane. 

There  are  many  possible  mechanisms  that  ran  generate  such  a  tow  frequency  osrillatiun,  One  such  mechanism  is  tbe  luteracilg* 
between  the  voctlees  conceding  downstream  and  the  exit  uwrle  or  wall  of  the  combustor.  Another  possibility  is  that  the  low  frequency 
is  au  acoustic  mode  associated  with  the  Inlet.  These  two  mechanisms  are  examined  below  In  some  detail. 

The  Interaction  between  vortices  and  a  surfnee  of  impingement  a*  a  soure*  of  low  frequency  usclllatlons  has  received  considerable 
attention  la  the  pant  (20-22).  The  basic  mechanism  has  been  examined  in  detail  hy  llo  ami  Nosselr  (20)  In  their  study  of  the  dynamics 
of  a  Jet  impinging  on  a  fiat  plate.  The  low  frequency  oscillation  they  observed  depended  on  the  convective  speed  of  the  vortices.  Ihe 
•peed  of  upstream-propagating  waves,  and  the  distance  between  the  Jet  n carle  and  the  plate,  lb  examine  the  similnrlty  between  the 
two  phenomena,  calculations  similar  to  the  simulation*  discussed  above  were  performed  for  dump  chambers  of  different  length*.  This 
is  equivalent  to  changlag  the  distance  between  the  Jet  uorrle  and  the  plate  in  the  ilo  and  Nosselr  experiment,  However,  we  found  (6) 
that  tho  frequency  of  the  oscillations  were  essentially  Independent  of  the  length  of  Ihe  combustor.  Therefore  the  Interaction  between 
the  vortices  and  tho  end  wall  of  the  combustor  does  not  seem  to  play  an  important  role  In  determining  the  tow  frequency. 

Ax  mentioned  above,  the  acoustics  of  the  inlet  may  be  a  source  of  the  low  frequency,  The  Intel  Is  essentially  a  lung  pip*  with 
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fiow  coming  in  (com  oh  ud  and  flowing  oat  into  ike  combustor  at  th«  other  end.  The  inflow  boundary  condition*  *pecificd  in  the 
numerical  mode)  allow  complete  reflection  of  the  prewar*  wave*  that  reach  the  up*tream  end  of  the  inlet.  If  the  downttream  end  of 
the  inlet  behave*  like  an  open  end,  the  dominant  acoustic  mode  of  the  inlet  would  be  the  quarter  wave  mode.  Since  the  length  of  the 
inlet  i*  8.3  D,  the  frequency  of  thit  mode  correipoadlng  to  the  physical  condition*  in  the  simulation  ditcuiaed  above  i*  about  148  Hi, 
which  i*  close  to  the  observed  frequency  of  ISO  H*. 

In  order  to  study  the  acoustic  mode*  of  the  ramjet  in  greater  detail,  the  fourict  analyst*  of  the  preuure  fluctuation*  at  various 
location*  in  the  islet  wet*  studied.  The  dominant  frequency  near  the  upstream  end  of  the  islet  (-7.4  D)  was  160  Hi,  but  there  was 
also  some  fluctuation  at  450  11s.  Closer  to  the  combustor,  the  amplitude  of  the  150  Ill  mode  decreased  and  that  of  the  450  lb  mode 
increased.  If  the  downstream  end  of  the  inlet  behaved  like  an  ideal  open  end,  the  amplitude  at  150  Us  should  decrease  as  we  move 
towards  it  and  reach  zero  at  the  dump  plane.  There  was  a  very  small  amplitude  near  the  dump  plane  (-0.7  D)  perhaps  due  to  the 
interaction  with  the  450  Hz  mode.  The  spatial  distribution  of  the  fluctuating  pressure  within  the  inlet  and  the  combustor  indicates 
that  the  mode  in  the  inlet  is  not  a  pure  quarter  wave  mode. 

In  order  to  further  confirm  that  the  acoustics  of  the  inlet  doe*  Indeed  determine  the  low  frequency,  the  length  of  the  inlet  was 
decreased  to  7.2  D.  The  low  frequency  oscillations  appropriately  shifted  to  174  Ua. 

Case  2:  Calculations  with  a  longer  Combustor 

Although  the  acoustics  of  the  inlet  determines  the  low  frequency  oscillation,  simulations  of  ramjets  with  different  combustor  lengths 
provide  valuable  information  on  the  flow  field  In  the  combustors.  Here  we  discuss  one  case,  in  which  the  length  of  the  dump  chamber 
waa  increased  to  8.6  1).  AD  the  other  dimensions  were  the  same  u  those  described  earlier.  The  forcing  frequency  was  decreased  to 
300  Ua  because  the  length  was  increased. 

The  instantaneous  flow  field  (Fig.  4)  within  the  combutor  at  a  sequence  of  timestep*  shows  a  new  large-scale  structure  appearing 
near  the  dump  plane  at  intervals  of  three  thousand  timestep*,  that  is,  at  timestep*  40000,  43000,  46000,  49000  and  52000.  This 
corresponds  to  a  frequency  of  about  300  Ua,  which  is  the  same  as  the  forcing  frequency.  Our  first  conclusion,  therefore,  from  changing 
the  length  of  the  combustor  1*  that  the  first  vortex  merging  frequency  near  the  dump  plane  change*  to  match  th»  first  longitudinal 
mode  of  the  combustor. 

1  Igure  4  show*  that  two  successively  generated  vortices  merge  with  each  other  at  about  3.5  1),  No  further  mergings  oceur  as 
the  vorticee  convert  downstream  and  exit  through  the  noirte.  Thi*  1*  in  contrast  to  Ca*e  1  in  which  a  further  merging  with  a  single 
vortex  occuied  before  the  pair  could  exit.  The  frequency  corresponding  to  the  vortex  merging*  I*  about  150  U»  since  it  occurs  at 
approximately  every  6000  timestep*.  The  lowest  dominant  frequeneiee  observed  in  Case*  1  and  2  are  both  about  150  lb.  The  low 
frequency  does  not  change  when  the  length  of  the  combustor  Is  Increased.  Instead,  the  merging  pattern  ha*  changed  to  accomodate  the 
low  frequency  of  150  111.  From  this  we  conclude  that  the  shear  layer  at  the  ttep  respond*  to  the  acoustic*  of  hoth  the  dump  chamber 
and  the  inlet. 

Further  confirmutlo#  that  the  merging  pattern  in  the  combustion  chamber  change*  to  accomodate  the  low  frequency  associated 
with  the  Inlet  was  obtained  by  changing  the  length  of  the  combustion  chamber  to  7.2 1).  In  this  case  the  furring  frequency  torimponding 
to  the  longitudinal  mode  of  the  combustor  was  348  H*.  The  merging  pattern  was  quite  complicated,  involving  features  of  (lam  l  and 
2  discussed  above.  The  bwe«t  dominant  freqneacy  observed  waa  143  lb.  Thi*  case  is  discussed  In  greater  detail  elsewhere"-13, 


The  physical  dimension*  of  the  Inlet  and  combustor  used  lu  the  simulations  are  the  smite  a*  those  given  in  Fig.  1,  In  addition,  for 
Case  3.  the  exit  coexists  of  an  annular  ting  at  6,624  t>  (from  the  axis  o I  the  conibnstor)  with  an  area  of  H.8U  cm1 .  The  mass  inflow 
rate  Is  0.78  kg/*  with  a  mean  velocity  of  100  m/s.  The  initial  chamber  pressure  is  188  kl'a. 
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A  series  of  snapshots  of  the  flow  held  at  a  constant  interval  el  0,37#  ms,  every  1000  tiutcstepvls  shown  in  Fig.  it-  New  vortlce* 
appear  neat  the  combustor  step  In  the  first,  third,  fifth  und  seventh  frame*.  That  Is,  vertex  shedding  occurs  approximately  every 
2000  tlmettepv.  This  corresponds  to  a  fiequeney  of  about  1330  lb.  The  path*  of  the  vortices  have  also  Iwen  drawn  In  Fig.  5,  They 
show  that  the  vortex  shed  at  timestep  123,600  merge*  with  the  one  shed  at  timestep  123.000  around  ilmeslep  127,000.  The  merging 
location  l*  within  two  diameters  olf  the  step  In  the  combustor,  The  previous  timestep  ut  which  such  a  merging  occurred  It  123,000, 
Therefore  the  approximate  merging  frequency  at  this  locaiten  Is  664  l(z.  Figure  4  also  shows  the  two  processes  by  which  vortices  grow: 
entrainment  of  the  surrounding  fluid  and  vsrtex  merging,  The  vortex  shed  at  timestep  123.000  grows  by  entraining  the  sutmundlug 
fluid  before  another  vortex  merges  with  It, 

It  is  dtttirutt  to  determine  the  vortex  shedding  and  merging  frequencies  precisely  from  streamline*  such  as  In  Fig,  4  where  the  flow 
field  ls  depleted  only  every  0,376  ms  (at  a  frequency  of  2660  lb),  The  fowler  analyse*  of  velocity  fluctuation*  at  two  location*  cbm* 
to  the  step  |u  the  combustor  ate  shown  In  F'ig.  6.  At  0.4T  b  from  the  dump  plane,  thece  is  only  one  dominant  frequency,  1380  lb, 
This  It  the  passage  frequency  of  vortices  at  litis  location,  It  also  corresponds  to  the  vortex- shedding  frequency  of  the  shear  layer  at 
the  combustor  step  because  vortex  mergings  are  net  observed  to  lake  plate  before  this  location,  At  I  64  I),  the  significant  frequency 
ls  690  lit,  the  first  suhharotonli  of  the  vortex-shedding  frequency,  This  Is  the  passage  frequency  of  the  larger  votlex  formed  by  the 
first  merging  of  vertices  which  occurs  before  this  location  In  the  rcmrhusloc,  Therefore,  (used  on  the  foutlet  analysis  of  the  velocity 
fluctuations  und  the  How, field  visualisation,  we  conclude  that  vortex  shedding  occur*  with  a  frequency  of  about  1180  lit  und  these 
vortices  merge  within  2  9  to  *  frequency  e!  about  690  Its. 

For  n  configuration  such  us  the  one  discussed  In  this  paper,  it  Is  dilficult  to  define  a  characteristic  thickness  for  ihe  shear  layer 
at  the  combustor  step  because  of  the  large  recirculation  rone,  The  momentum  thickness  Is  highly  dependent  an  Ihe  velocity  cul-olf 
chosen.  Uecause  viscosity  Is  not  explicitly  Included  In  these  simulations,  the  smallest  scale  In  these  calculations  Is  the  grid  spacing 
lu  the  transverse  direction  al  the  combustoc  step.  However,  a  accessary  condition  for  the  shear  layer  to  be  unstable  Is  nn  Inflection 
point  In  Ihe  velocity  profile.  In  order  to  resolve  an  Inflectloa  point,  at  ieast  two  computation!!!  cells  are  required.  Therefore  we  take 
the  width  of  two  ceils  as  a  characteristic  dimension  for  the  shear-layer  thickness,  lu  this  simulation,  this  thlchness  is  0,100  cm,  Using 
this  thickness  and  a  frequency  of  1330  tlz,  we  alula  a  Sttouhal  number  of  0,016.  An  Initially  laminar  shear  layer  has  been  observed 
experimentally  |24]  to  roll  up  at  fit*  >  0.012,  The  theoretical  value  [24)  la  0.01T.  Considering  the  uncertalnlty  In  Ihe  determination 
of  the  shear  layer  Ihtekneas  In  our  simulations,  the  value  of  0,016  foe  the  Stioubal  number  suggests  that  Ihe  frequency  13.80  Hz  I*  the 
natural  Instability  frequency  of  ihe  shear  layer  In  the  simulations, 

Vortex  mergings  occur  not  only  near  the  eombxitor  step  at  a  frequency  of  about  600  Hz,  but  also  further  downstream  la  the 
couibuxtor.  The  time  Intervals  between  successive  vortex  mergings  are  not  all  the  saute,  suggesting  that  vortex  mergings  are  not 


occuring  with  an  unique  frequency.  Furthermore,  the  locution  where  vortex  merging  taken  place  in  alto  obterved  to  change  tuggenting 
that  the  vortex-merging  patterns  it  alto  changing.  The  frequencies  obterved  moat  often  are  clone  to  the  passage  frequency  following  the 
first  vortex-merging  (690  Ht)  and  beat  frequencies  between  this  and  the  quartet  wave  mode  frequency  of  the  inlet  ( 150  Hi).  Vortex- 
mergings  are  also  occuring  sometimes  at  442  Ha  and  295  Hx.  These  frequencies  are  clou  to  the  firat  longitudinal  mode  frequency  of 
the  combustor  (450  Us)  and  a  beat  frequency  between  the  inlet  and  combustor  frequencies  (300  Ha). 

In  summary,  vortex  mergings  in  most  of  the  combustor  are  not  observed  to  take  place  at  any  particular  dominant  frequency  but 
at  frequencies  resulting  from  the  interaction  between  the  vortex  shedding  frequency  and  its  subharoooics  and  the  dominant  acoustic 
frequencies  of  the  system. 

REACTIVE  FLOW  SIMULATIONS 

The  first  teactive-flow  case  studied  was  that  of  a  pte- mixed,  lean  hydrogen-oxygen-uittogen  mixture  flowing  into  the  combustor 
at  200  m/s.  The  calculations  were  carried  out  to  160,000  timesteps  without  considering  the  effects  of  chemical  reactions.  Below  we 
first  btiefiy  discuss  these  “cold-flaw  simuUtioos”  and  then  present  results  of  the  reactive  flow  simulations. 

Case  4;  Inflow  Velocity  200  in/s 

The  vortex  dynamics  very  near  the  step  in  the  combustor  for  this  case  is  very  similar  to  that  observed  In  case  3.  Vortex  shedding 
is  observed  to  take  place  at  the  natural  Instability  frequency  of  the  shear  layer.  Within  one  diameter  of  the  inlet-combustor  junction, 
vortex-pairing  occura  at  the  fitst  sub-harmonic  of  the  shedding  frequency.  The  {outlet  analysis  of  the  velocity  fluctuations  at  different 
locations  in  the  combustor  show  the  pretence  of  multiple  frequencies.  These  frequencies  Include  the  quarter-wave  mode  frequency 
of  the  inlet  and  beat  frequencies  between  the  inlet  and  combustor  acoustic?  as  well  as  sub-harmonica  of  the  shear-layer  Instability 
frequencies.  In  spite  of  these  complexities,  the  flow  field  Is  approximately  periodic  at  the  quarter-wave  mode  ftequeney  of  the  inlet. 


The  mixture  was  ignited  at  tliuestep  160000  by  assuming  that  the  induction  lime  has  elapsed  for  a  pocket  of  the  gaseous  mixture 
uear  the  step.  This  causes  the  mixture  to  begin  releasing  its  energy.  The  instantaneous  flow  fields  in  the  combustor  ate  shown  at  a 
sequence  of  timesteps  in  Pig.  7  using  two  different  visualiiatlens,  eontoure  of  constant  temperature  and  streamlines.  Although  timeslep 
160000  Is  before  any  energy  release  has  oceured,  there  are  temperature  fluctuations  due  to  the  compressibility  of  the  flow.  At  siep 
165000.  energy  release  has  caused  a  reaction  (rout  (flamefront)  distinguished  by  the  location  of  the  hlgh-tempetature  eoetonrs  attd 
the  darkened  line*  caused  by  closely  spaced  contours.  The  presence  of  a  vortex  near  the  step  at  this  time  is  seen  in  Pig.  Tb  and  the 
ettUainemenl  of  the  cold  gases  by  It  can  he  seen  In  Fig-  Ta.  With  time,  the  shear  layer  roll-up  cause*  the  inaction  from  to  curve 
downwards  and  engulf  the  cold  mixture  which  subsequently  burnt.  As  the  reaction  front  move*  downstream,  a  new  vortex  foems  near 
the  step  between  timesteps  115000  nttd  160000,  This  mixes  the  burnt  gases  with  the  incoming  fuel-air  mixture  and  act*  as  an  Ignition 
source.  Except  foe  the  first  time  at  step  160000,  It  was  not  necessary  to  provide  an  external  Ignition  source.  The  relation  between  the 
llameftonts  and  the  vortices  in  the  sulwequeot  frame*  tan  be  established  by  comparing  the  two  figures.  Comparing  the  flow  field*  at 
steps  160000  and  185000.  one  can  see  haw  rapidly  energy  release  allws  the  feature*  of  the  cold  flow. 

Another  Interrwtlag  observation  front  Pig.  ta  is  the  presence  of  an  utthnined  gas  pocket  at  step  1S5000.  This  ueckel  of  material 
has  b«e*  cut  off  by  the  lateraetion  of  two  flamsfionl*.  teen  at  step  181)000.  The  pocket  subsequently  burns  up  and  it*  temnani*  can 

be  seen  in  the  center  of  the  forward  most  (closer  to  the  exit )  Hittcture  In  step  190000.  tty  step  105080,  the  fiamefnmt*  have  reached 
the  tear  wall  of  the  eomburter  and  the  harm  material  ha*  begun  to  exit. 

Streamline*  and  temperature  ccwlours  depicting  the  flow  field  In  the  cumbustor  at  a  subsequent  sequence  of  timesteps  are  tbuwn 
in  Figs, .fits  and  b.  The  presence  of  large-scale  vortex  structure*  in  the  reactive  ftuw  ease  is  evident  from  these  figures.  The  flow  fields  at 
steps  200000  and  225000  and  those  at  205000  and  230000  are  similar  to  each  other,  suggesting  that  the  reactive  flow  field  undergoes  a 
cycle  of  roughly  25000  timesteps  or  J.483  ms.  This  correspond*  to  a  frequency  uf  2SS  jl»,  which  is  close  to  the  tow  frequency  til  about 
250-2*0 11*  observed  in  the  tedd-flow  simulations. 

The  pressure  and  velocity  fluctuation  spectra  at  all  lew.-ms  are  dominated  by  this  tow  frequency  of  2S,v  tic,  A  Urge-seafo  vortex 
retlup  also  new*  at  this  frequency  as  can  be  seen  hy  comparing  step;  200000  and  225000  in  Fig,  *b.  However,  vortex  shedding 
does  occur  more  frequently  a*  seen  in  steps  205000  attd  215000,  These  small  vortices  nverge  quickly  to  the  larger  vertex  generated 
periodically  at  2*4  lit  resulting  in  a  still  larger  cortex  which  dominates  the  entire  flow  field.  As  discussed  below,  energy  release  la  this 
large  vortex  is  crucial  in  tiuuiulag  the  low  frequency  oscillation, 
ffnsleady  Energy  .Refeaw 

Figures  7  and  S  Indicate  that  combustion  Is  associated  witb  vortices  in  the  fluw  field,  Tbit  can  result  in  both  temporal  and  spatial 
variations  In  lb*  energy  released,  Figure  9  show*  tbe  energy  released  as  a  funrtiort  of  time  and  space.  Tb»  enetgy  released  Is  always 
minimal  near  tbe  entrance  to  tbe  combustor.  Also,  initially  there  is  no  energy  release  in  portions  of  the  eottibustw  because  the  Igoitwi 
vortex  bas  not  yet  reached  these  locations,  hocations  of  strong  energy  release  move  in  spate  because  the  energy  release  is  taking 
place  In  burning  vortices  which  are  being  converted,  Note  that  tbe  temporal  nonunlformily  in  energy  release  is  different  at  different 
locations.  One  approach  to  summarising  the  information  in  this  figure  and  detetotlning  the  spatial  distribution  of  energy  release  Is  to 
considet  tbe  time-averaged  energy  release  at  various  locations  in  tbe  combustor.  Taking  the  time-average  of  the  energy  released  over 
one  cycle  of  ike  oscillation  (determined  from  tbe  flow  visualisation  In  Figs,  7  nnd  X)  showed  that  mast  of  tbe  energy  is  iftersed  lu  the 
second  half  uf  the  combustor,  that  is,  the  half  closest  to  the  exit  nettle.  Figures  7.  s  and  9  give  a  picture  of  the  temporal  and  spatial 
distribution  of  enetgy  release  and  suggest  that  events  occuring  in  the  second  halt  of  this  combustor  between  42. f  and  44.1  ms  (during 
one  cycle)  are  Important  in  assessing  tbe  global  effects  of  energy  release  on  the  flow  field, 
tinvleady  Pressure  FIXflfiAljoftt 

One  of  the  impertnal  reasons  for  simulating  tbe  flow  fields  in  ramjets  Is  to  evaluate  the  coupling  between  the  enetgy  released  nnd 
the  piessure  oscillations.  Figure  10  shows  the  pressure  fluctuations  at  n  particular  location  (3.04 ft  from  the  inlet-cmobustot  junction), 
There  aie  approximately  three  cycles  of  large  pressure  oscittaiteu*.  During  the  cycle  of  interest  to  n»>  the  pressure  is  rising  at  43  ms, 
attains  a  maximum  between  42.7  and  43,5  ms.  and  then  decreases  lo  a  minimum  at  tbout  45  m«,  The  foutier  analysis  of  this  data 
and  simitar  data  at  six  different  locations  in  tbe  combustor  show  that  tha  targe-amplitude  escitlalions  are  at  about  250  Ut.  Tbe  cans* 
of  these  targe  pressure  usclihuto**  is  the  strong  coupling  between  the  pressure  sad  the  unsteady  energy  release, 


A  criterion  first  proposed  by  Lord  Rayleigh  (28)  is  a  convenient  method  for  evaluating  tbe  interaction  between  tbe  energy  relented 
nnd  tbe  pittance  waves  in  tbe  system.  Rayleigh's  criterion  states  that  presssute  osriUalioas  will  be  amplified  it  the  energy  release  it 


is  phase  with  the  pienurc  and  will  be  diminished  If  they  an  out  of  phase.  The  frequency  will  be  affected  if  the  energy  release  occurs 
at  a  quarter  period  before  or  after  the  maximum  pressure.  In  a  complex  flow  field  such  as  that  in  the  combustor  discussed  here,  the 
unsteady  energy  release  and  the  pressure  fluctuations  do  not  have  simple  waveforms  and  hence  the  phase  relation  between  the  two  can 
vary  from  one  location  to  another.  In  this  context,  Rayleigh's  criterion  implies  that  the  instability  la  locally  amplified  if  the  unsteady 
energy  release  «j(x,l)  and  pressure  fluctuation  p’(i,t)  are  in  phase.  More  generally,  If  we  define 

D{t)  =  ^  j^e‘,(i,t)p'(x,t)dt  (3) 

where  T  refers  to  the  period  under  consideration.  Local  amplification  (or  driving)  occurs  if  D{x)  is  positive  and  local  attenuation  (or 
damping)  occurs  if  D(z)  is  negative. 

In  principle,  we  can  evaluate  D(x)  at  all  locations  in  the  combustor  if  we  know  e'r  and  p1  at  all  locations  through  out  the  cycle. 
Because  of  the  large  amount  of  data  requited,  it  is  impractical  to  evaluate  this  criterion  at  all  locations  (or  volume  elements)  in  the 
combustor.  Therefore,  we  discretized  the  combustor  into  a  series  of  axial  stations  and  evaluated  the  criterion  at  these  stations.  A 
station  is  defined  as  a  slice  through  the  combustor  and  has  the  thickness  of  an  axial  computational  cell.  The  drawback  with  this 
approach  is  that  all  radial  variatioas  In  the  energy  released  are  averaged  out.  The  ptessute  fluctuations  used  are  those  calculated  at 
half  the  radius  of  the  combustor  because  the  radial  variations  in  the  pressure  are  not  significant  in  this  problem  which  is  dominated  by 
longitudiaal  oscillations.  The  integrand  in  the  above  equation  evaluated  at  a  number  of  stations  showed  that  the  oscillations  locations 
were  damped  at  some  stations  white  being  amplified  at  other  locations.  The  experiments  of  Uegde  et  al.  [37]  have  shown  similar  results. 

The  total  effect  over  the  whole  combustor  can  be  determined  by  evaluating  the  criterion  at  various  axial  stations  in  the  comhustor 
and  integrating  It  over  the  whole  combustor.  Figure  1 1  indicates  that  there  is  damping  at  axial  locations  up  to  about  3.3  0  over  the 
cycle  considered.  Locations  between  3  and  4.5  0  are  strongly  driving  the  oscillations.  Similar  results  have  been  obtained  over  other 
cycle*  of  u«f illations  indicating  that  the  ramjet  it  operating  in  an  unstable  mode  for  the  conditions  considered  in  this  simulation. 

SUMMARY  AND  CONCLUSIONS 

In  this  paper  we  have  presented  the  highlights  of  our  numerical  investlgationt  of  the  acoustic. vortex-chemical  interactions  in  an 
Idealized  ramjet.  These  simulations  have  allowed  us  to  isolate  the  Interactions  between  aeonstic  waves  and  large  scale  vortex  structures 
ami  then  to  study  the  effects  of  energy  release  on  the  Sow  field.  Our  simulatinns  eau  be  broadly  divided  into  three  categories. 

First,  the  effects  of  varying  the  acoustics  while  keeping  the  flow  parameters  fixed  (Inflow  velocity  of  30  tu/s)  was  Investigated. 
The  acoustics  of  the  ramjet  was  vailed  by  seperateiy  varying  the  length  of  the  Intel  and  the  combustor.  These  simulations  indicate  a 
strong  coupling  between  the  acoustics  of  the  ramjet,  both  the  ialet  and  the  comhustor,  and  the  flow  field.  In  all  cases,  a  low  frequency 
oscillation  is  observed.  Pressure  oscillations  in  the  inlet  indicates  that  the  quartet- wave  acoustic  mode  of  the  inlet  Is  the  origin  of  this 
tow  frequency.  Changing  the  length  of  the  inlet  or  the  sonic  velocity  in  the  inlet  appropriately  change*  the  observed  low  frequency. 
Simulations  also  show  that  acoustic  foreleg  at  the  flltt  longitudinal  aeonstic  mode  of  the  combustor  Induce*  vortex-rollup  near  the 
entrance  to  the  comhustor  at  the  forcing  frequency  when  the  forcing  frequency  lx  ciose  to  the  natural  shedding  frequency  of  the  shear 
layer.  It  was  also  found  that  the  merging  pattern  of  the  vortices  in  the  comhustor  Is  influenced  by  the  length  of  the  combustor. 

These  ntecglng  patterns  have  been  explained  on  the  basis  of  an  Interaction  between  the  vortex,  rollup  frequency  and  frequency  of  the 
quarter  wave  mode  In  the  infol. 

In  the  second  set  of  simulations,  rhe  effects  of  varying  the  flow  parameters  on  vortex  shedding  and  merging  ha*  been  studied 
When  the  flow  velocity  is  Increased,  the  natnral  Instability  frequencies  of  the  sheet  layer  also  tncreaws  while  the  atom-tie  frequencies 
remain  essentially  the  Vortex  shedding  and  initial  vert**,  merging*  occur  at  the  aatutal  shear  layer  instability  frequency  and 
its  subharmonics  U  these  frequencies  aie  significantly  ditfeteul  from  the  domleam  acoustic  frequencies  of  tlte  system.  Subsequent 
cortex mergings  are  influenced  by  tho  t«ut*tt udlnal  acoustic-mode  frequencies-  The  peeeeure  of  many  significant  frequeneies  results  in 
less  orgaulred  and  wore  complex  merging  patterns.  We  have  identified  a  number  of  different  interactions  of  aeonstic  mode*  with  th» 
vortex  mergings  whlrh  explain  these  complex  mctglng  patteens.  These  interactions  can  be  nsed  a*  a  means  of  controlling  tbe  formalin* 
of  large  scale  stwrlnres  by  Inducing  many  possible  less  well  srganited  coherent  structures. 

finally,  the  effects  of  chemical  reactions  on  the  flow  Sell)  was  Investigated.  The  first  ease  studied  was  that  of  a  pie  mixed,  lean 
hydrogen-oxygen- nitrogen  mixture  flowing  into  the  combusta*  at  3fS6  mjf  In  this  case,  cneegy  ideas*  alters  the  flow  field  in  the 
combustor  substantially  ftnergy  release  quickly  destroys  the  pattern  of  vortex  merging4  observed  in  the  cold  flow  and  a  new  palter* 
emerge-  iba*  is  dominated  by  a  large  vortex.  However,  the  tew  frequency  nrclllalten  observed  in  the  cold  flow  persist.*  and  Us  amplitude 
increases  substantially  when  time  is  energy  micas*.  In  the  rimnialien*  Investigated  so  far  this  mode  has  again  been  Identified  with 
the  quartet  wave  mode  of  the  inlet.  The  coupling  between  the  energy  reteas*  and  the  ptessnie  flnetuattens  in  the  combustor  has  been 
studied  lu  detail.  Knergy  idea**  in  the  second-half  of  the  combuster  (the  half  nearer  to  the  exit  twrle)  i»  I*  pha*  with  the  pm*aut» 
oscillations  over  a  substantial  petted  and  this  results  in  ampiificatten  of  the  pressure  flucruattens  and  eventually  lead*  to  combustion 
instability.  There  are  regteus  in  the  comhustor  where  the  ooiilatmns  are  damped.  This  suggests  that  combustion  instability  may  be 
controllable  by  Increasing  the  regions  where  the-  energy  release  and  pressnte  ate  out  of  phase.  Several  approaches  to  controlling  the 
cotnbustion  instability  at  well  as  additional  pats -otitic  studies  of  the  effect*  of  chemistry  ate  currently  being  pets-ted, 
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DISCUSSION 


C.  M.  Coats,  GB 

Does  your  simulation  incorporate  sub-grid-scale  diffusion?  I  would 
also  comment  that  it  is  far  from  ideal  to  use  a  global  reaction-rate 
expression  for  such  a  highly  strained  flow  in  which  local  extinction 
is  almost  certain  to  occur. 

Author's  Reply: 

Originally  our  plan  was  first  to  do  large  scale  eddy  simulation  like 
Dr.  Jou  described,  and  then  do  as  many  sub-grid  scales  as  possible. 
However,  wo  have  not  yet  introduced  sub-grid  models. 

I  agree  with  your  comment.  We  are  not  happy  with  our 
tvo-atep  global  mechanism.  Unfortunately,  even  with  that  simple 
model,  the  costs  are  extremely  high  and  we  cannot  afford  to  improve 
the  approximation.  Perhaps  with  the  next  generation  of  computers 
we  shall  be  able  to  do  hotter. 


coMwmar-Mivni  odcxuHxm  xa  urn  commustioo  nimu 
ic*  ton  ctxajukiio* 

by 


G,  BENELLI»,  V.  COSSALTER**,  S.  DE  MICHELE* 

*  Thermtl  and  Nuclear  Raaaarch  Cantar  -  ENEL  - 
Via  A.  Pisano  120,  5(100  Piaa  -  Italy 
**  Institute  of  Applied  Mechanics  -  Padua  University 
Via  Venesia  1,  35131  Padova  -  Italy 
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Intense  pressure  oscillations  reaching  peak  values  of  about  1200  Pa  in  the  50*100  Ha  range 
occurred  in  the  combustion  chamber  of  a  480  t/h  steam  generator,  fed  with  gas  or  oil  and  gas 
together. 

Through  experimental  analysis  it  vat  possible  to  identify  the  acoustic  modes  of  the  furnace 
excited  by  combustion  and  to  assess  the  effect  on  instability  of  certain  characteristic  parameters 
of  the  burner. 

Furthermore,  a  finite-element  mathematical  model  was  devised  for  modal  analysis  of  the  combustion 
chamber i  the  numerical  results  uete  in  close  agreement  with  the  experimental  data. 

The  analysis  carried  out  shoved  vhat  modifications  needed  to  be  made  to  the  geometry  of  the 
burners  in  order  to  reduce  the  self-excited  vibrations  to  acceptable  limits. 


i.  ixraooocTica 

In  special  conditions,  in  a  generic  combustion  system,  even  one  ten-thousandth  of  the 
thermochemical  energy  released  by  combustion  may  be  enough  to  cause  instability  phenomena.  Thus, 
permanent  pressure  oscillations  may  occur  in  the  combustion  chandler  ranging  from  a  fev  10s  of  Pa  to 
±S0t  of  the  absolute  pressure  present  in  the  said  chamber  in  normal  conditions. 

In  the  ease  of  industrial  combustors,  normally  characterised  by  lou-velocity  floes,  the 
stability  criterion  that  can  be  applied  is  the  one  defined  by  Lord  Rayleigh  as  long  ago  as  187* i 
“if  heat  is  periodically  added  to,  and  taken  from,  a  mass  of  gas  oscillating,  tor  example,  in  a 
cylinder  bounded  by  a  piston,  the  effect  produced  *H1  depend  upon  the  phase  of  the  oscillation  at 
uhich  the  transfer  of  heat  takes  pises*.  Rayleigh's  crltarion  can  ba  exptessad  as  toilovsi 

dV 

in  vhloh  O'  and  p  act  the  instantaneous  fluctuations  of  the  haet  released  and  of  the  pressure 
inside  the  t lasts  volume  V,  respectively  1 1 1 . 

In  the  literature,  the  torse  of  instability  arising  from  the  interaction  between  the  pressure 
field  and  heat  cslssse  are  classified  in  (2,3,4) i 

-  instability  of  tha  combustion  chanter,  involving  ail  ths  phoneme n#  situated  in  the  chamber 2 

-  system  instability  Involving,  essentially.  Interactions  bstveen  the  processes  inside  the 
combustion  chamber  and  those  occurring  in  at  least  one  ether  roeponsnt  of  tbs  pleat  such  as  the 
inlet  duct  (sir  and  fuel)  and/or  tha  exhaust  duet  of  the  combusted  gasest 

-  intrinsic  kinds  of  instability  depending  on  chemical  kinttics,  and  nut  en  tha  kind  of 
ceabdstion  chamber , 

This  last  type  of  instability  may  taka  different  form*  since  such  phenomena  are  specific  to  ths 
reactant*  and  at*  independent  of  the  properties  of  the  th steer;  they  may  depend,  for  instance.  on 
coaboatloa  kinetics. 

The  system  oscillations  at*  generally  characterised  by  a  lee**  frequency  than  the  acoustic 
oscillations,  toe  frequency  instabilities  in  liquid-propellant  rocket  motors  at*  esamplet  of 
coupling  batuaaa  combust  las  phenomena,  tha  propallant  feed  system  and  also  the  structure  of  the 
eahicl*  by  eeaas  of  the  thrust  fluctuations  thst  arise  from  .^tssuts  fluctuations  in  the  chamber. 

fissliy,  the  instability  of  tha  combustion  chamber  is  perhaps  the  most  common  and  is  due  to  the 
generation  and  propagation  of  acoustic  uavee.  This  kind  of  instability  Is,  in  its  turn,  subdivided 
mo  three  categories  according  to  the  mechanism  involved! 

»  acoustic  instability,  concerning  the  effect  of  the  propagation  of  acoustic  naves  reside  the 
chamber; 

-  shock  instability,  cteisctetited  by  the  propagation  of  pressure  eaves  inside  the  eh  saber,  with 
e  vary  ataep  ? rest,  from  a  certain  point  of  vise,  these  eaves  are  similar  to  those  caused  by 
•jjrtnilofcr 

-  fluid  dynamic  testability,  eblch  is  anecoSatni  nttb  tha  onset  of  special  floe  conditions. 

Acoustic  instability  concerns  acoustic  oscillatory  modes  in  the  contention  chaster,  the-  frequency 

of  nblcb  art  detetsaned  by  tha  goeuotty  of  the  Chester,  by  the  ispiiitfs  of  the  tormiasiieas  and  by 
tha  Mead  velocity  in  tte  gas  ccntaiaad  U  th*  chess ir. 

On*  of  tte  groetest  difficulties  arising  uhen  instability  occurs  is  the  identification  of  tb* 
machislms  of  interaction  bet  mm  tha  -'tens  t  lea  process  and  th*  oscillatory  phonsnown,  capable  of 
gemming  a  fluctuating  beat  floe  unit*  it  m  pass*  nitb  the  pvosw* tc.  Share  ere  a  timber  «.f 
passible  mechanism*  of  oolf-oaeuod  vibrations,  obleb  nay  oven  bo  pooete  at  ono  and  tte  site  time. 
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Th*»*  may  be  due  to  (3, 5,S): 

-  the  feeding  aystem  for  the  fuel  end  the  eir  flow  sensitive  to  the  pressure  field  inside  the 
eoobustion  oh saber  end  such  ss  to  supply  a  fluctuating  flow  with  a  frequency  equal  to  that  of  the 
pressure  field  and  in  phase  with  it; 

-  fluctuations  of  the  so-called  combustion  delay  which,  by  being  reduced  in  the  interaction 
between  the  flame  and  the  acoustic  wave,  causes  a  positive  fluctuation  in  the  release  of  heat  with 
the  possibility  of  supporting  self-induced  vibration; 

-  fluctuations  in  the  front  area  of  flames  following  interactions  with  pressure  waves  which,  as 
in  the  cate  of  pre-mixed  flows,  are  linked  to  fluctuation  in  the  quantity  of  heat  released; 

-  fluctuations  in  the  flame-front,  such  as  in  pre-mixed  flows  where  they  undergo  area  variation 
and  collide  with  a  pressure  wave;  consequently  there  are  variations  in  the  quantity  of  heat  released 
and,  with  suitable  delay  times,  the  fluctuation  of  the  flame  can  support  oscillations; 

-  vortex  shedding  present  in  the  combustion  tone,  giving  rise  to  oscillating  flows  capable  of 
stodulating  the  mixing  and  of  exciting  acoustic  modes  with  frequencies  near  those  of  the  frequency  of 
the  shedding  of  vortex  pairs;  in  such  a  case  this  may  set  up  phenomena  of  synchronisation  of  the 
shedding  frequency  of  the  vortices  that  are  not  strictly  in  agreesmnt  with  Strouhal'a  equation, 

-  eoobustion  roar  whose  frequency  spectrum  is  continuous  and  which  can  cause  the  acoustic  modes 
to  vibrate  in  the  combustion  chamber. 

The  present  paper  describes  both  the  theoretical  and  the  experimental  approach  concerning  a  case 
of  instability  which  occurred  in  the  combustion  chamber  of  a  gas-fed  SlOt/h  steam  generator, 
producing  intense  vibrations  such  as  to  prevent  full  use  of  the  chamber  Itself. 

The  combustion  chamber,  7.5x1.4x19  m  in  sirs,  was  fed  by  9  frontal  axial-type  burners,  for 
burning  oil,  gas  and  a  mixture  of  both.  Nhen  burning  oils  no  significant  vibrations  ocourred 
throughout  the  entire  working  range,  whereat,  in  certain  conditions,  the  burning  of  gas  and  the  oil¬ 
gas  mixture  produced  intense  oscillations  in  pressure,  reaching  peak  values  of  1200  Pa  in  the  5  (MOO 
Hi  field. 

An  experimental  survey  was  carried  out  on  the  plant  with  a  view  to  identifying  the  kind  of 
instability  involved  and  the  support  mechanisms  of  tha  seif-excited  oscillations.  The  preeaure  and 
the  acceleration  of  tha  ttructurea  were  measured  at  various  points  of  tha  combustion  chamber  and  in 
various  kinds  of  set  up. 

Furthermore,  a  numerical  model  was  devised  bated  on  the  finite  elements,  making  it  poasible  to 
caicuiata  the  natural  frequencies  aAd  the  vibration  modes,  as  well  as  to  astesa  the  effect  of  the 
smoke-duct  upon  the  damping  of  the  individual  nodes,  numerical  and  experimental  analyses  suggested 
modifications  in  the  geometry  of  the  burners  which  made  it  possible  to  keep  the  vibrations  within 
acceptable  limits. 


i.  cua  BMcawno*  tm  mumamn  upturn 


As  mentioned  in  the  Introduction  to  this  paper,  the  vibratory  phenomena  observable  in  a 
steam  generator  can  be  character lied,  from  the  point  of  view  of  time,  an  random  processes  and  at 
daterminUtic  processes  of  an  almost  periodical  nature. 

ttscillatien*  connected  with  *eombuction  rear*  er  those  connected  with  wakes  caused  by  flame 
stabilisers  are  random  processes,  whereas  oscillatory  phenomena  connected  with  the  geometry  of  the 
eombuetien  system  and  that,  in  the  last  resort,  are  those  which  character lie  instability,  are 
determlnietic-tyiw  processes. 

While,  in  the  cue  of  deterministic  process**,  we  een  resort  to  definitions  based  on  explicit 
mathematical  functions  of  time,  in  the  case  of  random  processes  we  resort  to  the  assessment  of 
probability  density  functions,  to  Mil-correlation  function*  and  to  power  spectrum*  |») .  Should  it 
be  dsslderabl*  to  set  up  dsley,  amplitude  and  phase  relatione  between  the  eigne,  wa  can  resort  to 
ctoae-anaiyale  techniques;  in  this  way,  for  sxaapla,  tha  eroaa-coftalatloa  function  and  the 
fregbcncy-response  of  the  system  can  be  established* 

Oaf  initios  of  the  transfer  (unction  implies  that  tha  system  possesses  tha  following  requisites  r 
t las -invar lance,  limited  response  to  limited  inpets  and  linearity  and  that  tha  respoMe-fonetioa  to 
repulse  hit)  ia  equal  to  8  when  t <8.  The  hypothetical  existence  of  linearity  la  probably  the 
condition  that  la  neat  often  net  fulfilled  in  pratical  application!,  however,  such  a  condition  can 
be  chocked  by  means  of  tha  definition  of  the  coherence  function  which  eetabliehea  the  degree  of 
line*?  relation,  on  a  scale  from  0  to  1,  between  the  f request rat  components  of  the  two  Signal*. 

in  the  pretties!  analysis  tf  a  random  process  af  Infinite  duration,  we  must  necessarily  resort  to 
the  assessment  of  the  spectrum  of  a  segment,  thereby  obtaining  an  approximate  evaluation  of  the 
power  spectrum;  he  we  vet,  thanks  to  a  concept  attributed  to  iaitint  (I),  the  variance  of  the 
evaluation  can  be  reduced  .by  obtained  the  averege  of  various  independent  evaluations.  The  equation* 
of  the  Nil  functions  mentioned  ebove  een  be  found  u>  the  Appendix. 

Concerning  the  solution  of  the  practical  problem  af  vibratioas  described  above.  Mo  generator  was 
fitted  with  laetrwaente,  .as  shown  in  Pig.  i,  one tees  rig.  t  show*  the  geometric  f natures  of  the 
burner,  the  Injection  heeds  with  the  relevant  eetflev  angle. af’  the  gee.  Finally,  Fig.  i  shows  the 
iayowt  of  tha  naaeuresnst  system, 

the  eeeiliatiaai  in  preesore  were  recorded  hy  means  af  a  type  <12  Kittles  pieieeleettie  prosaora 
transducer  with  a  Kiotiar  3881  amplifier,  the  prestere  in  tha  eaehwst lea  cheater  snm  recorded  hy 
ameM  of  the  name  ptaaeore  u  an  depots  mounted  an  probes  with  linear  response  in.  the  8e48d  Me  field, 
the.  aceelerst  iaos  ware’  recorded  hy  manor  of  type  «i«  p i&ieeiecurte  acceieremctote  ana  type 

2011  bah  OMpUflote.  the  aaesuisaent  tine*  of  the  pmsuro  oocfUntlaa*  were  calibrated  M  armor  te 
met*  a  Cooper  loon  tbnmicttebooo  ryeremi 
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Tha  ultraviolet  amiaaion  of  the  flame  waa  recorded  with  a  probe  constructed  for  the  purpoae  and 
deacribed  in  [9] . 

The  signal  relevant  to  the  measurements  taken  for  each  teat  uere  recorded  on  tape  and  analysed  in 
couples  with  the  3S92A  Bevlettf Packard  spectrum  analyser. 

The  amplitude  spectrum  for  each  signal  was  evaluated  in  real  time  as  an  average  of  128 
independent  measurements  so  as  to  obtain  an  estimate  within  the  10.7  da  interval  around  the  true 
value  at  a  confidence  level  of  90t;  moreover,  the  phase  values,  corresponding  to  the  frequential 
cosmonauts  with  the  most  significant  amplitude  speetrums  and  coherence  values  higher  than  0.9S  has 
been  determined. 

The  amplitude  spectrum  was  evaluated  by  using  the  ‘flat*  window  of  the  spectrum  analyser  in  such 
a  way  as  to  obtain  the  maximum  accuracy  of  solitude. 


ICU  MOW. 


Assuming  the  gas  is  perfect,  compressible,  non-viscoua.  non-conduct ible,  with  no  external 
forces  per  volume  unit,  with  uniform  stationary  motion  in  the  domain  being  considered,  the  equation 
of  tha  propagation  of  waves  proves  to  ba(6): 

a*-.  .  a-- 


whets  p-  density,  p-  pressure,  ®  -  propagation  velocity  end  0  is  the  coeplex  number 

representing  both  the  apstisl  link  of  heat  rslssse  in  the  flame  volume  end  the  local  daisy  in  tha 
fluctuations  of  hast  in  rsistion  to  prsssure  (tha  apex  indicates  the  perturbed  motion,  the 
overlinir.g  indicates  tha  stationary  motion) . 

Tha  rsgima  solution  ,  separating  tha  spatial  part  from  the  time  part,  ia  of  the  following  kind) 

p'»p‘s  (*>»•*)«'  ■,p’.c*.y.*)«*,'elv 

It  we  introduce  this  into  the  propagation  equation,  we  obtein  the  equation  of  frequencies  in  the 
presence  of  internal  generation  of  heati 

vV,*kV.4  0p'.-Q  k *...»/!'  “  i‘ 

The  solution  supplies  the  complex  eigenvalues  *•  ***** ,  the  imaginary  part  rtpreianta  natural 
frequency  and  the  real  part  the  damping  coefficient  Nr«0  or  the  asgtUfieation  coefficient  w^X)  . 

instability  occurs  for  weluoa  of  m*>0,  the  degree  of  inetebiUty  lo  defined  by  the  logarithmic 
decrees*  •***•*/•*, 

The  spatial  part  of  tha  solution  ^*  »****' rapressnts  the  autovactor  or  the  acoustic  mode  of 
vibrating  associated  to  pulsation  s«. 

tha  solution  to  ths  aquation  of  the  frequencies  most  be  sought  in  compliance  with  the  surrounding 
conditions.  Ths  boundary  of  tha  integration  domain  can  be  subdivided  according  to  the  conditions 


r.<  p‘»<*.M)*o  *V 


0  r,i 


3a 


The  third  condition  eitabiishea  a  link  between  the  velocity  at  a  given  point  on  the  boundary  and 
the  preeeure  at  the  seme  point.  This  hypothesis  proves  to  be  on  over-simplifications  in  as  far  as 
me  relation  is  established  between  nearby  points  on  the  boundary, 

Tha  solution  of  the  equation  of  the  frequeaeiea  can  be  carried  out  in  an  approximate  manner,  The 
domain  of  integration  ean  be  subdivided  into  a  certain  number  of  tebdamaimt  A  :•»  toi lowing  tha 
procedure  daocribad  in  US),  we  obtain) 

t{ ***...♦  -Q.VQt“  d-u 


Since  we  haves 

the  etiff  ness  awttix 


the  eeif-encitsmmnt  msttlx 

the  flew  sacbisged  with  other  etsmsmti 


the  ease  matrix 

h'sIJpW 

the  impsdixfii  matrix 


^*w*  i.ztx 

the  owtweid  flow) 


Putting  everything  together  for  the  eetite  domain,  we  gmti 
M  (e)  eU*](x)  -  {Qm} 
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whsrw  th*  tarms  with  th*  *p«x  G  rsprsssnt  the  matrices 
raievtnt  to  the  entire  dcaain. 

Once  thie  operation  in  coexisted,  we  obtain  the  following 
eigenvalue  problem; 

[rlM)  +  UB-C]*lK)]{u}  =  0 


The  problem  is  expressed  in  the  generalised  form  with  the 
transformation:  *(*•} 


f  10) 


UM] 


-1{M]  Vert 
i  IB-Cljluj 


IM] 

10) 


10)' 

IW. 


It  should  be  observed  that,  if  functions  s  and  G  are 
considered  to  be  dependant  on  s.  then  the  matrix  also  proves 
to  be  a  function  of  s.  Such  a  problem  is  efficiently  solved 
from  a  numerical  point  of  view  with  a  solution  technique  taken 
from  the  "Sub-space  Iteration*  method.  The  numerical  solution 
makes  it  possible  to  determine  tha  vibration  modes  in  the 
combustion  chamber  and  the  actual  frequencies  both  partly  real 
and  partly  imaginary. 


«.  wanat  utnis 

The  layout  of  the  combustion  chamber  has  been  given  in  the 
form  of  a  two-dimensional  model,  with  125  triangular  elements 
and  19}  nodes,  representing  the  orthogonal  section  an  the 
burners  wall.  The  walls  of  the  chamber  are  represented  as 
being  ideal,  that  is  perfectly  reflecting  and  infinitely 
rigid.  The  exhaust  duct  is  the  most  sensitive  point  ef  the 
layout  since  there  ie  no  such  things  as  a  pet feet  opening  or 
closure. 

The  first  simulation*  wore  carried  out  with  a  view  to 
studying  the  influence  ef  the  iwn-uniferm  temperature  field  an 
the  vibration  modes.  It  must  be  noted  that,  in  view  of  the 
hypotheses  stated  when  obtaining  the  propagation  equation,  the 
speed  ef  propagation  cannot  vary  greatly  in  spate*  indeed,  the 
propagation  equation  was  obtained  by  disregarding  the  terns 
containing  the  spatial  derivatives  of  the  stationery  terms. 
The  lo^ereture  field  used  is  shewn  in  fig.  S>. 

The  boundary  conditions  assumed  to  represent  the  exhaust 
dm  affect  the  value*  of  th*  natural  frequencies  and  the 
relevant  vibration  model,  to  a  certain  extent. 

In  order  to  eeseae  it*  effect  upon  the  vibration  modes, 
the  smoke  duct  we*  simulated  both  with  a  perfect  opening  and 
with  a  pet feel  closure.  The  numerical  results  ere  given  in 
table  l, 

The  feedemem*"  frequency  proves  te  be 
t 1**1  to  l.t  *»  in  the  ease  of  ideal  opening 
and  14.2  hr  in  the  ease  of  perfect  closure, 
tho.v*  are  the.botdeiio#  values  between  which 
the  real  value  meet  be  tewed,  Indeed, 
experimental  lest*  gave  a  value  of  16*11  ttt, 
according  to  the  thermal  load, 
the  table  else  contains  the  values 
obtained  by  representing  the.  surrounding 
part,  relevant  to  the  auhaett  dost,  with  an 
impedance  value  such  as  to  simulate  ah 
■  intermediate  condition  in  reletton  to  the 
ideal  conditions  of  perfect  opening  and 
closure. 

The  experiment*!  values  given  for 
comparison  refer  te  measurement*  taken  with 
conditions  of  th*  thermal  load  of  the 
gomeiatot  varying  ftps  ahem  JM  to  lies, 
figure  t  represents  the'  vibration  made*  of 
the  coabostion  eh  mbit  with  th*  layout  of  th* 
smoke  duct  as  a  perfectly  ops*'  wall,  oneteas 
figure  1  contain*  the  vibration  made* 
obtained  assuming  -  the  emeu  duct '  uith  a 
perfectly  eieead  wall,  ■ 
fna  position  of  tha  antinoda  end  the  nodal 
line#  mate*  it  possible  te  ferasst  shirk 
mode*  can  bo  meat  easily  **lt**ntltm0  eg  tea 
release.*!  beat. 


thsi*.  *n  KMbMt, 
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According  to  Rayleigh' *  principle,  the  machaaiaa  of  eelf-exaitcaent  reecho  maximum  efficiency 
when  two  circunetencee  occur  at  the  UM  time: 

-  maximum  self-excitement  due  to  the  flow  of  heat,  m  phase  with  the  pressure,  located  at  an 
antinode; 

-  minimum  energy  lost. 

Of  the  various  dispersion  mechanisms  present  (absorption  by  the  wells,  turbulence,  presence  of 
tube  bundles,  sbsorpticn  of  energy  by  the  exhaust  duct  with  subsequent  irradiation  by  the  chisney), 
the  main  one  is  considered  to  be  that  of  the  transfer  of  energy  to  the  exhaust  duct .  Therefore,  the 
minimum  loss  of  energy  occurs  whan  a  nodal  line  is  near  to  the  piece  of  boundary  relevant  to  the 
exhaust  duct. 

Tha  modes  with  antinodes  roughly  located  near  the  burners  are 
Stht  $th(  sth  ano  jth(  when  elnsure  is  “ideal*',  while  both  TABLE  H'J  LOGARITHMIC  decrement. 
conditions  exist  in  tits  case  of  5th  and  8th. 

In  the  last  analysis,  the  exhaust  duct  has  little  effect  on 
the  values  of  the  natural  frequencies  but  -plays  an  Important 
part  in  the  damping  of  the  various  vibration  modes. 

This  proved  to  be  so  even  numerically.  A  simulation  was 
carried  out  with  a  view  to  evaluating  its  influence,  by  assuming 
the  duct  hat  very  little  damping  effect  (the  real  part  of  the 
impaoance  consists  in  the  adsorption  or  transfer  of  energy). 

Comparison  of  the  values  of  the  logatithimlc  decrements  of  the 
individual  modes  made  it  possible  to  approximately  assess  the 
damping  effect  of  the  exhaust  duct  on  the  individual  mods*  of 
the  combustion  chamber.  This  comparison  can  be  found  in  Table  1. 

This  comparison  indicates  that  the  mode  is  virtually 
unaffected  by  the  exhaust  duct  and.  ef  ail  the  modes  higher  than 
the  S*ht  the  4th  is  the  least  damped. 

These,  then,  are  the  modes  must  likely  ts  undergo  nigh- 
amplitude  oscillation,  in  the  case  of  self -excitement. 


s.  umixuMi  uuift  «iu>  oxteomow 

The  first  series  gf  test*,  earned  out  with  the  plant  la  its  mgtael  layout  and  with  gas 
vmtxmim  alone,  aktreed.  in  aggetdase*  wise,  the  numerical  results,  that  ?h»  fifth  add  @ig#rh 
vifemm  nodes  tended  to  he  amplified  as  the  load  conditions  increased.  This  tsrmlmes  happened 
s.tm»l**Mdi»ly  MX  .sometimes  separately,  in  all  eases,  use  «f  the  plant  hecsse  impesaSkle, 

Mims  •  sbgwg  the  amplitude  -gpesttuso  stf  pressure  measure#  at  numfcet  !  measurement  point 
-  situated  in  ft»n»  ef  the  burners. 

As  aan  fee  seen,  the  noise  in 
the  6@sfeustie«  sitasber  aeasbe* 
its  maximum  when  the  sir  supply 
is.  argute#  if*  sf  the  «a*i*w#  per 

burner,  this  situation,  the 

esvi 1  Sat  ten*  sn  pressure  grew 
.bigger  with  seal!  variation*  is 
th*  iayss}t:  %t  the  plant ,  §««» 
this  instability  ««*»  was  passed 
tsrsash,  the  s@is@  is  the 
««**»«  fega-tfcwte**  degreased.*** 
eeatemfsft  feeaaae  stable* 

®*V*#gue*tly«  with  ax  lessee** 
s«  the  ait  supply,  the  b$i»e  is 
the  evmfesit  lee  chamber  grew  apsis 
ana  «sNwstis«  with  air  supplies 
absv#  ,*n  ******  eel  tersely 
iMtable,  whaabat. . 

Phex  f*ei  »4i  *l®r#  *M  used.  ru*r  iayewti  «  ««*  Iwimm  with  type  *  I*J*mm*.  «*♦»*, 
**ce*di*g«  **#*  hy  means  s?  sprite  tamih  - 

tlldieg  shsw  the  ISaae  teeaei  ts 
he  pawetwit  iestafeie,  espesieiiy 

at  See  Mh  bet  with  »*>.»••»» tea.  wefetete  eddillatieM  in  pressure  inside' the  csehwstie*  rttwhet, 
ftmete  waifitatic«r,t  t®  the  hw*s\*r*  <ae*m««d  .as  '»«},  the  m  the  fixes  is  pUttiw, 

.  cexsicetably  lwpt«v*e  the  stability  ef.  the  t«ei»*il  flsaes  hat  did  wet  sigeineaMiy  tee 

diteatiee  dstieg  eweeastue  with  pas  at  a  eiuwte  ef  eiJi  aae  pas. 

is  wtdat  td  sheet  that  the  aethieg  was  sit  **e  t*  fl**»  ixstahiilty,  ila*e  stabilises*  ef 
different  shape*  were  te*t«d  witheet  sipsificasniy  taerwwixg  the  psessee«ce  «f  the  pleat.  ■ 
three****,  tests  carried  set  by  vaiyiwg  the  eeapdws.wf*  ef.  the  eases*#  «s«»«e  as#  its  cwageeitiee 
Ith*  pawseetege  ef  hydnsph  wetiwd  dating  the  teat*  tr#  its  t«  i«»)  shewed  that  the  tie*#***  set 
istmicaily  lest  able.  - 

-  hseeleeanen  and  pteaeste  were  rxeaswted  at  vatic**  peista  sf  the  piaat  with,  a  stew  t«  chechiwg 
whether  there  were  aay  p***«v:e  cwwpixati***  it  the  ceePestiee  ehaaiMf  with  ether  iinrr  ef  the 
'  pleat .  (fas,  wise  he#,  cenvectlw#  twee,  pea  ieed-iiee.  pss-pass) , 

hxaiyais  thawed  that,  the  eighth  vibtatiws  nede  at  the  cw*e**ti»s  chaahet  ensiled  itbeegh  eel# 

'  sagMiyi  ax  ecewstre  wade  ef  the  wind  see  with  roughly  th*  tan#  Uwwiwry,  ■ 
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»n  investigation  ui  alio  carried  out  Into  tha  aantitlvity  of  tha  phenomenon  with  variation*  In 
tha  axcee*  of  oxygen;  rig.  9  ahow*  that  tha  vibratory  phenomenon  dacraaaaa,  aa  axcaaa  oxygon 
dactaaaaa,  without,  hcwavar,  diaappoaring. 

riguto  10  ahowa  tha  bahaviour  of  tha  natural  fraquanciaa  with  variation*  in  tha  tharaUo  load;  tha 
fraquancy  valuaa  ara  aaan  to  incraata  with  tha  incraaaa  in  tha  tharmic  load,  da  ponding  on  tha 
avaraga  temperature.  Tha  taw  figuxa  alao  contain*  tha  fraquanciaa  of  tha  vorticaa  (had  fro*  tha  gaa 
and  oil  flam*  atabilitara,  calculated  on  tha  baais  of  Strouhal'a  relation,  assuming  a  value  of  tha 
Strouhal  number  equal  to  0.20.  No  aa*  that,  for  tharmic  load*  below  jot,  tha  fraquanciaa  of  tha 
vertex  wake  produced  by  tha  gaa-tlam*  atabilitara  may  involve  mod**  J.t.l  and  9,  according  to  tha 
load.  -  —  -  — 


rig. 9  amplitude  of  tha  aadUttitM  at 
tha  it  ha  aaagtaart  with  lead  amd 
******  aaygs*  vaaiatiaa*. 
tlamt  layout  t  *  gaa  tuaaii  with  Iff*  * 
lajaetaaat  u»10i* . 


iMWMHWt 


rig.  10  Hagmaaia*  at  tha  MiUlatiaw 
with  lead  veriatieea. 


ft  ***  fen  ysaaible  *«  oea-wie  the  y  of  t*e  *mieea  with  tha  iMtauseota  it 

w*«  t hotels*#  not  yeaatfel*  is  txamlna  feew  tha  yh#sss*«tf,«e  »#  tha  eooae  yf  tha  vwttaa  wait  wa* 
offered  By  tha  saslMatla**  »  tse  pteaaat*  fieif . 

i^ea*is  yhatsstaa**  sf  tha  *st*e*  may  *#**s«*My  be  t@  «s$m,  that  la, 

the  withts  a  ftmit  ueitsity  field  thud  with  i4*f*a**fy  t»  time#  la  tha  pt  ****** 

■  field-  whist  uaslate#  SMsth*!**  .twlotiss. 

in  ««f»*  tat  tv  s®iify  tha 

@1  tha  tefsata,  we  , .  ■  - ,  .  . ’ 

.destfsi  t«  sits*  -the  dyoasieo  .  ■  .  -  -  ■  J  •  ' 

sf  the  teleoa*  -at  heat  by 

«*mm  ***** ****  **  f|^  m£«nT 

fly.  54  «««ttl»s  a  tsosary  **c*,*!fl**1®**®** 

of  .the  (tesoits  et  asi*  tort**  #  **"  . ... 

the  .pane,  with-#  doafcef  Us#  ft  * 5 

iMtoote  s  oMHaotige  with  2  ..  •  i'atode  \VVw$» 

smitousea  ie  ytativt*  s«  wa  5  ''  V  .  rX.'Vvyf 

Wit**  ifWHM  tfcih  $0  00  .««•'  1  '  ’  •  ■  1  . 

ttanmiiH  seyhiog  *****  •  1  _  ■:.  _ 

sets**!  t«- he.  sestehle,*  the  1  -  \x- "  .  jSggBjajh  i 

whits  u«Mt  shseiasg  esmsa  5  • 

i**eai  ttiwwi  t«  -  te  -stahle*  *  „  Hr  ^ 1 

itiicau  esKhostisw.  'wits  **'»“ .  J  1  '  *  . * .  • 

■  eafiitoiiooa  is  pieoaots  twee* .  '**  • 

tha*  10  fa,  ts  aheelf  he  *,f*d  awn  is  fmi 

that*  0«f  -OSjiSi  Sf  atWWM  •  t\  Lm,.r,m,nn 'i-r -u  -i; ~n.iv.  -  -r ...  i  n.-, , ■  -  nm  ■  ■  r ir  r  m i  n.  ..  rr.i-  -  11 

■  tilt*  *i**r:~  tig.U  Ufaaa  *f  the  taiaiita  aegis  sf  th#  itftniw*  so.. 

STfdTft to.  ^tootles  sftgutsitt  ,«t  ths  fifth  am.  «#«*.. 

p,:«».  totted,  ifi  tact  O  *****  *  f*»  *******  ***  ***»  *»)***•*  . 

safest,  the  tgettfOK  ef  the 
«Mt*»tia«  Salte  teettSM  iN  - 

tse  f«f*oat  i*  eehataMUiiy  chasyad  eswpates  u  the  preeltea  aitwMis*  I  fif.  itl, 
hits  the  isjiecteta  at  oo  aegis  ef  Hum  it*,  the  ga»  saa  flteetw  tomitda  the  saotfe  ef  the  flea. 
W»  *♦'**  ***  foiotisoly  poet  is  ait  ami  tieh  io  paiUfstsshoMs*  gaaaa,  omd  esa  eet  ioflwaodad  up 
".he  off  sets  Of  the  wtiM  jhaiiloj  fleas  wtHHwa. 


NOUS  HOM 


fig.U  UMh  »f  the  latatiaa  oogi «  of  Ho  laiiwiw  so 
otMstioo  asyiitasaa  sf  ths.  fifth  amd  sight  ssfss, 
•lost  lag  matt  *  gaa  haamoos  with  t-tyga  ujaOUM.  ‘ 
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Combust  ion  «n  siowat  and 
last  noisy.  Tha  flaaes  vara 
longar  and  tha  diffaranca  in 
position  of  tha  sxaa  vhara 
anargy  was  raitasad  in  tha 
combustion  chiabai  aaant  that 
tha  axeitamnt  ia  pradowinantlv 
of  tha  5th  and  not  tha  ith 

p-fcXlt . 

Tha  instability  ataa. 
anuountarad  whan  tha  flow  ««> 
at  «ll  of  tha  s.sxtouis, 
disappears,  tha  bwnara  taaohad 
SSI  ot  the  it  maxlstuss  load,  tha 
flames  haeaaa  much  longer  and 
the  phenomenon  proved  to  ba 
less  aenaitiva  to  82. 

Kith  injectosa  at  angle*  of 
tiatwaai.  javidS-*.  Instable  ri«.X2  Saaaauaa  isMtiu  la  tha  siabaatiw  ctuaai 
area*  vara  obtained  tot  flews  Slant  layout :  *  gaa  suaaara  with  type  h  iajactua.  ewiO*. 
above  651 .  Oj»J» . 

With  such  outlet  angles,  the 
was  directed  towards  the 
edge  ol  the  flue  ot  the  bother 
where,  vhan  it  was  at  sett  well 
with  the  alt.  if  guighiy  burnt 
wstR'msldeeassu  vatistl'rfa  .1* 

velwsse,  “he  flawes  uete  still 
very  anstr.t  and  noisy  and  the 
release"-'  energy  t « 
eonfenteatod  in  th*.  atea  whete 
the  wwittuda  »f  5hA..%t<ttsowy 
''  ptytaww  wave  was  ot  it* 
ewfeWfeO. 

|«  #6'b*f*«ata  with  the 

.  Jesuits  «l  thm  tests,  type^a 
•'•»*)*«»«»*  *e*e  wves.  wltfe 
•  »t  the  ssot  tot 

tssjeuei  lit  'bus  wi*> 

«h;6U  srt  a*  *****  **.#*,  **• 

«  »*  *smt  *$k‘&  sSs  #»* 
t swards  the  sets  @?  '•%*« 
but  *•«<«. 

ttf  thasaei*^  the  «$**$.  »i  its 
mtet  st  the  is  w*  Ylg.il  yaaaawia  tfatltaa  la  tha  earnest he*  thiidai. 

yssssssa  t@  m  wi«t  tlau  lay  aw*  t  »  *  a*  hwaaaaa  *i»h  type  k  ia)Mteu.  «*♦** 

swifest*  t®  then  twit  4®#*,  kawl*!*. 

•its  Wkktiity,  4*  s»  iutft 
14*48  st  htsess 

the  IStt*  d-ftS  r ve  tttS  t@4SVMrs  t©  a  SitWatlS®*  ®M4ft4ri*f  *64  t©  fee  a  £*s415*©tiy  &£#*d4 
etwmw  Mtmtis**  *»«  sttMt »«  4J-. 

■?*«  ether  wen-isS  twsait*  ***«  stew  tint  tft»  srt '  *hlf ew-wsas  ®y  -,** 

.Atsiiitttki  the  Wats  ttea  is  -still  f-tesstt.  eves  t*@»i*  it  «*y  tats  a  <mt  ailletsat  (am  dtwwtiy  • 

«g*sjii«a  safe  WW  kft?t»  ®f  St  15#  th#t. 

-?*s*  ^e*Sf4SsS*  fd®thSS  @t  SfeS  sSil^Sealtei*  <SsSli4wii@fcs  bltSeJS  arn-nt'ti'.i  t@  alt  tl@».  . 

?*  the  rase  -?;t  ait»ti®ws  t#  5  @e  t St .  tfe*  t ffeyssm lea  ©t  St#  e*  eat*  that  i ipe  the 

Mtpttst*  «*y  flee  use  t®  lres*-l«  y.Sje*<s«e«a  8t  **#  S,A.  t»*i  !*»•  htxl  «*«S'SH  *'s  WMBfMMfW  M^h.. 

ftps  HMmiM*  -ttem  «*  ytowiMiBrwi  seayu^k  W«w*  smmi**  S6<a  «n>  . 

t«ds  #iis@4»aii@»s  i«  tt*  wi te&etiww  ttew*  wit*  sdstii^idg  t«*t  pvsm  t» 

fee  «*!«.  t@  ®yssiiati®»i> 

t«  the  .MH  @1  fttfh  tl8»s,  MX*  IttMUM  lit  M#R'  WSMll  t«*  mtt  («**»  t*  he 

-  U$s  eesite*.  the  tilts,  ««>  tie  stlet  «*»*,  teM«t«*  Kwth  tmmmi  it  u.  less  wane*!#  ms  kkawm  iw 
ttkfw»8y  si  the  «stim  am  that  is  «N*  «•?  ttsk  IK  ««  tt**  ausUiut  is  yj»M  t»  ttw*  «t  t*« 

trltfe  vllaMioU  *»4e.  in  tfea  rwm  «t  jfeMiiMfe 


«.  COKUttOM 

The  &<mm  pt&t*  msittm*  **  instability  t$*«s***®«  that  ®e®***tm  m  a  stew*  f***ms* 
KttMtfskt  afeslys i»  may  it  fimHi  ts  umily  ta*  ««*«*  that  »w  iwst  «mtiy  «rtt» 

feaxutea  fey  tMtstkst.im  with  the  m*t*st tss  pimmav 
sii@4»i  M'.eiysis  (»**««  t®  fee  a«  ettevtive  t*  the  mfeMim  1* 

ieM, Mtw'.ttat M41H  tfck  SSMylfekity  «t  the  tifel tally  ewiltlfeisttiet  fyfetaK. 

ieatafeiiltiet  si  m  ««**«*  mt«**  »«»  *****  t»  «*i*i  aw*  the  pt**.***  *t  atiaife*  alt  afe*  tael 
m*  await  t»  atlew-l  tfefe  ahlatita  St  fWl«*. 

a  auitataa*  laywi  «  tfe*  fewtwt  aaae  it  twaaifei*  he  w»<a  the  tmfefeiaaa  at  the  pi*M  . 
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8.  APPENDIX  • 

The  function  of  autocorrelation  Rxx  (t)  tor  a  random  process  fx(t)  at  an  average  of  nought  is! 

R„(x)«UmT-.i  f"  f,(t)f,(t+t)dt 


while  the  Fourier  trasform  of  A.l  constitutes  the  power  spectrum: 

F„(o>)  =  F[R„(l)] 


(A.l) 


(A, 2) 


The  crossed  power  spectrum  Fyx(»)  for  two  functions  £x(t)  and  fy(t)  is  defined  by  the  Fourier 
Transform  of  their  function  of  cross-correlation: 


F„(o »  =  F  [to  T„.  +  t)dt  j 


(A.  3) 


The  ratio  between  (A. 3)  and  (A, 2)  constitutes  the  frequency  response  of  the  system. 

The  extent  of  the  degree  of  linearity  between  two  functions  fx<t>  and  fy(t)  can  be  determined  by 
means  of  the  coherence  function  obtainable  aa  a  relation  between  the  square  of  the  or OSS- spec t rum 
and  the  product  of  the  power  spectrums. 


rlr(ta)  * 


lF.,(a»f 

f„(w)P„«d) 


(A. 4) 
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DISCUSSION 


AXaverdant,  Fr 

In  your  calculation,  you  have  introduced  an  impedance.  How  is  this  quantity  evaluated?  Is  it  by  a  theory,  numerical 
method,  or  experiments? 


Author's  Reply 

The  impedance  plays  its  role  of  course  as  a  boundary  condition.  So  wc  have  introduces  the  following  expression  in  our 
numerical  model: 


,  r, 


Z(x,  y,  z.  s) 


derived  from: 


I  — 

r,  3n 


VdT 


PP 

Z(x.y.a,s) 


n  V'dr 


LeBluod.Fr 

Could  you  describe  the  experimental  device  related  with  ultra-violet  measurements  to  detect  and  measure  the 
amplitude  of  combustion  instabilities? 

Author’s  Reply 

The  detector  for  1  V,  is  necessary  for  revealing  hydrogen  and  methane  flames  because  those  gases  don’t  give  sufficient 
emission  at  visible  wavelengths.  So  we  used  a  commercial  probe  w-pped  with  a  special  lens  for  detecting  the  flames. 
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